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Abstract
The ANTARES detector, completed in 2008, is the largest neutrino telescope in the Northern hemisphere.
Located at a depth of 2.5 km in the Mediterranean Sea, 40 km off the Toulon shore, its main goal is the
search for astrophysical high energy neutrinos. In this paper we collect the 14 contributions of the ANTARES
collaboration to the 33rd International Cosmic Ray Conference (ICRC 2013). The scientific output is very rich
and the contributions included in these proceedings cover the main physics results, ranging from steady point
sources to exotic physics and multi-messenger analyses.
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THE ASTROPARTICLE PHYSICS CONFERENCE
1 - Recent results from the ANTARES neutrino telescope
ANTOINE KOUCHNER1 FOR THE ANTARES COLLABORATION.
1 APC, Universite´ Paris Diderot, CNRS/IN2P3, CEA/IRFU, Observatoire de Paris, Sorbonne Paris Cite´, 75205 Paris, France
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Abstract: The ANTARES detector, located 40 km off the French coast, is the largest deep-sea neutrino telescope
in the world. It consists of an array of 885 photomultipliers detecting the Cherenkov light induced by charged
leptons produced by neutrino interactions in and around the detector. The primary goal of ANTARES is to search
for astrophysical neutrinos in the TeV-PeV range. This comprises generic searches for any diffuse cosmic neutrino
flux as well as more specific searches for astrophysical sources such as active galactic nuclei or Galactic sources.
The search program also includes multi-messenger analyses based on time and/or space coincidences with other
cosmic probes. The ANTARES observatory is sensitive to a wide-range of other phenomena, from atmospheric
neutrino oscillations to dark matter annihilation or potential exotics such as nuclearites and magnetic monopoles.
The most recent results are reported.
Keywords: ANTARES, neutrino, astronomy, deep-sea, Cherenkov
1 Neutrino Astronomy
Neutrino astronomy has a key role to play towards a multi-
messenger coverage of the high-energy (HE) sky, as HE
neutrinos provide a unique tool to observe the non thermal
Universe. Their main characteristic is that they can travel
over cosmological distances without being absorbed or
deflected.
The detection of a HE astrophysical neutrino source would
in particular unambiguously identify one of the so far
unknown acceleration sites of HE cosmic rays. Indeed, HE
neutrinos (ν) are produced in a beam dump scenario via
meson (pion pi and mainly kaon at high energy) decay, when
the accelerated hadrons (protons p or nuclei A) interact with
ambient matter or dense photon fields (γ):
p/A+A/γ −→ pi0
↓
γ+ γ
+ pi±
↓
µ±+νµ (νµ )
↓
e±+νe (νe)+νµ (νµ )
+N+ ...
In this so-called “bottom-up” scenario, the production of
HE neutrinos is associated with the acceleration of nuclei
through Fermi-like mechanisms, and with the production
of HE gamma-rays, through pi0 decays. Following this
association, various authors have inferred benchmark fluxes
of cosmic neutrinos based on the observed ultra HE cosmic
rays (e.g the so-called WB bound [1]).
HE neutrinos can also be produced by more exotic
processes such as the decay of massive particles (”top down”
scenarios, currently not favoured) or the annihilation of dark
matter (DM) gravitationally trapped inside massive objects
like the Sun, the Earth or the Galactic centre [2].
If the weak interaction of neutrinos with matter is an
asset for astronomy, it also makes the detection challeng-
ing. This requires the instrumentation of large volumes of
water (or ice) with photomultipliers (PMTs) to detect the
Cherenkov radiation induced by charged leptons (mainly
muons, but also electron- or tau-induced showers) produced
by cosmic neutrino interactions with the target transparent
medium, inside or near the instrumented volume (see § 2
for a description of the ANTARES detector). PMT signals
(timing and amplitude) are used to reconstruct the muon
trajectory and the energy of the neutrino. In order to reduce
the background due to the intense flux of downgoing atmo-
spheric muons present at ground, such detectors are buried
deep under the surface. Moreover, since the Earth acts as
a shield against all particles but neutrinos, their design is
optimized for the detection of upgoing muons produced by
neutrinos which have traversed the Earth and interacted in
the vicinity of the detector, with the consequence that one
neutrino telescope can efficiently monitor one half of the
sky in the TeV- PeV range.
Atmospheric neutrinos (see § 3) produced in the atmo-
spheric cascades can also travel through the Earth and in-
teract close to the detector, producing an irreducible back-
ground with typical energy spectrum dNdE ∝ E
−3.7. To dis-
cover extraterrestrial neutrinos, one searches for an excess
of events above a certain energy (diffuse flux, § 4) and/or
in a given direction (point sources,§ 5). Another possible
way to claim the discovery of cosmic neutrinos is to ob-
serve events in coincidence (in direction and/or time) with
other messengers. This multi-messenger approach allows to
strongly reduce the background by looking in a known di-
rection for the reduced period of time, making the detection
of a few events enough to claim a signal (see § 6).
2 The ANTARES Neutrino Telescope
The ANTARES (Astronomy with a Neutrino Telescope and
Abyss environmental RESearch) Collaboration started in
March 2006 the deployment of a large scale detector ∼ 40
km off La-Seyne-sur-Mer (French Riviera), at a depth of
2475 m. The construction phase ended in May 2008. Since
then, ANTARES is the largest neutrino telescope constructed
in the Northern hemisphere, providing unprecedented sensi-
tivity to the central region of our Galaxy.
The full detector [3] comprises 885 photomultipliers dis-
tributed in a three dimension array on twelve 450 m high
vertical detection lines (Fig.1). The lines are separated with
a typical interline spacing of 60-70m and each line com-
prises 25 storeys, separated by 14.5 m. A storey hosts a
triplet of Optical Modules (OM) orientated at 45 degrees
with respect to the vertical, in order to maximise the sen-
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sitivity to Cherenkov light from upcoming neutrinos. The
OMs contain a 10 inch PMT protected in a 17 inch pressure
resistant glass sphere. The lines are connected to a junction
box, via interlink cables on the seafloor. It provides electri-
cal power and gathers together the optical fibres from each
line into a single electro-mechanical fibre optic cable for
transmission of the data to and from the shore station.
The infrastructure also hosts a thirteenth line, the instru-
mentation line (labelled as IL07 in Fig. 1 ), which provides
measurement of environmental parameters such as sea cur-
rent, temperature and also hosts a part of the AMADEUS
system [4], a test bed for the acoustic detection of ultra-high
energy neutrinos. The line now also hosts a fully functional
prototype OM designed for the next generation telescope
KM3NeT, housing 31 3” PMTs. In December 2010, a sec-
ondary junction box, dedicated to host sensors for various
Earth and Marine science projects, was also connected to
the main junction box.
Figure 1: The ANTARES detector configuration.
Timing calibration [5] is ensured by a dedicated network
of laser and LED beacons, and line motions are monitored
by acoustic devices and by inclinometers regularly spread
along the line, allowing redundancy. The angular resolution
is within design expectations (< 0.5◦) and allows to look for
point sources with high sensitivity, as reported in section 5.
3 Atmospheric Neutrino Studies
Atmospheric neutrinos represent a background in the search
for astrophysical neutrinos. Nevertheless their study offers
some intrinsic interest for particle physics, in particular at
low energy (O(GeV )), where the mixing of flavors can be
observed (see § 3.1). At higher energies, the measurement of
the spectrum is a demonstration of the good understanding
of the detector behaviour (see § 3.2).
3.1 Neutrino Oscillations
A measurement of the neutrino mixing parameters in the
atmospheric sector has been performed with the data taken
from 2007 to 2010 [6], for an overall live time of 863 days.
In the simplified framework of vacuum oscillations between
two flavours (νµ to ντ ), the νµ survival probability can be
written as
P(νµ → νµ) = 1− sin2 2θ23 sin2 1.27∆m
2
23L
Eν
(1)
= 1− sin2 2θ23 sin2 16200∆m
2
23 cosθ
Eν
, (2)
where L and θ are respectively the neutrino path length
and zenith angle, ∆m223 is the difference of the squares
of the mass eigenstates m2 and m3 and θ23 is the
corresponding mixing angle. Considering values of
∆m223 = 2.43 × 10−3eV2 and sin2 2θ23 = 1, as reported by
the MINOS experiment [7], the first oscillation maximum
is found for vertical upgoing neutrinos at Eν = 24 GeV,
leading to a suppression of vertical upgoing muon neutrinos
around this energy.
The oscillation parameters are thus inferred by fitting the
event rate as a function of the ratio of the neutrino energy
and the reconstructed incoming zenith angle (eq. 2), the en-
ergy being estimated from the observed muon range in the
detector. Assuming a maximal mixing, a mass difference of
∆m2 = (3.1±0.9)×103eV2 is found. The corresponding
contour plot for different confidence levels is shown in
Fig. 2, together with measurements by other experiments
for comparison.
The compatibility of the ANTARES measurement with the
world data gives confidence in the understanding of the
detector, even close to the detection threshold. This, in
addition, paves the way to additional measurements of the
neutrino fundamental parameters by neutrino telescopes,
such as the mass hierarchy, which has been recently put for-
ward (e.g [9, 10]) thanks to the large measured value of the
mixing angle θ13. A feasibility study, dubbed ORCA, for
such a measurement with a deep-sea detector is presently
being performed in the framework of the KM3NeT Collab-
oration [11].
Figure 2: 90% C.L. contour of the neutrino oscillation pa-
rameters as derived from the fit of the ER/cosθR distri-
bution. Results from MINOS and Super-Kamiokande are
shown for comparison, as well as recent results from the
IceCube Neutrino Telescope [8]
3.2 Measurement of the Atmospheric Neutrino
Spectrum
At higher energy, where oscillations are suppressed, the
neutrino energy cannot be estimated based on the muon
path length, since the latter generally exceeds the dimen-
sion of the detector. The method used to reconstruct the
muon energy relies instead on the total amount of detected
light knowing the event geometry and the water properties.
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The event-by-event energy reconstruction is nevertheless
not sufficient to derive the energy spectrum of the detected
atmospheric neutrinos. The fact that only the induced muon
is observed, the stochastic nature of muon energy losses, the
limited energy resolution and the detection inefficiencies
have to be accounted for in an unfolding procedure [12].
In this study, the analysed data sample covers acquisitions
from December 2007 to December 2011, corresponding
to an equivalent live time of 855 days. For each data run a
Monte Carlo counterpart is available, reproducing acquisi-
tion conditions of the detector. All the cuts to select a pure
sample of atmospheric neutrinos were optimised with this
Monte Carlo. A 10% fraction of the data was initially used
to check the agreement between the observed and expected
quantities.
The inferred neutrino energy spectrum, averaged over zenith
angles larger than 90◦, is shown as a function of the energy
in Fig. 3. The measured spectrum spans a range from 100
GeV to 200 TeV. It is 25% higher than the prediction from
the Bartol group (but still within uncertainties) and interme-
diate between that measured by the AMANDA-II [15] and
IC40 [16] Antarctic neutrino telescopes. This good overall
agreement demonstrates the proper understanding of the
energy scale of the detector.
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Figure 3: Atmospheric neutrino energy spectrum as mea-
sured by ANTARES. The flux is compared with the expec-
tations from [13] while the grey band corresponds to the
uncertainty in the flux calculation [14].
4 Searches for Diffuse Fluxes
4.1 Search for a Cumulative Flux from
Unresolved Astrophysical Sources
The measurement in the highest energy region of the atmo-
spheric neutrino spectrum presented in the previous sec-
tion has been used to put a constraint on the diffuse flux
of cosmic neutrinos. Indeed, a harder spectrum (typically
dN
dE ∝ E
−α with α = 1−2), is expected for neutrinos of as-
trophysical origin, as mentioned in section 1. After a critical
value of the energy, which depends on the absolute normal-
ization of the cosmic neutrino flux, an excess of events over
the atmospheric background is expected.
The same statistical method as the one described in refer-
ence [17], which presents the first ANTARES limit based
on the 2008-2009 data set, was used. The main difference
arises from the new energy estimator employed. Here the
muon energy deposit per unit path length is approximated
by an estimator which can be derived from measurable
quantities such as the amplitude of the hit PMTs. To remove
the contribution from background light, only the hits used
by the final tracking algorithms (filtered out following strict
causality criteria) are used. The energy estimator was then
used to determine the cut yielding the best sensitivity, ap-
plying the Model Rejection Factor (MRF) procedure [20].
In the considered live time and with the track quality cuts
applied, the conventional atmospheric neutrinos revealed a
28% deficit, well within uncertainties, with respect to the
data. Therefore the predicted background from the simula-
tion is normalised to the data. After normalization, 8.4 atmo-
spheric events were expected and 8 events were observed
in the high energy region (2.3 signal events were expected
from a test flux E2Φtest = 2×10−8GeVcm−2s−1sr−1). This
translates into a 90% C.L. upper limit of
E2
dN
dE
= 4.8×10−8GeVcm−2s−1sr−1
in the energy range 45 TeV - 10 PeV, as indicated in Fig. 3.
As can be seen in Fig. 4, this updated result of ANTARES is
close to the WB predictions. It is only a factor ∼ 4 above
the limit obtained by IceCube in its 59 string configuration
and applies complementarily to the southern hemisphere.
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Figure 4: The updated ANTARES upper limit (90% C. L.)
for an E−2 spectrum compared to 90% C.L. upper limits
from other experiments, including IceCube limits obtained
with 40 [18] and 59 strings [19], all for single neutrino
flavour.
4.2 Fermi Bubbles
The Fermi-LAT data has revealed a large (∼10kpc) bilateral
structure originating from the Galactic Centre and perpen-
dicular to the Galactic plane (and therefore, visible mostly
in the southern hemisphere). This structure is generally re-
ferred to as ”Fermi Bubbles” (FBs). A possible explana-
tion of the observed gamma-rays (which have an almost
uniform E−2 spectrum, with a normalisation uncertainty of
a factor of ∼2 [21]) is the presence of a Galactic wind in
which accelerated cosmic rays interact with an interstellar
medium producing pions [22]. In such a scenario, neutri-
nos would be naturally produced. A dedicated search with
the ANTARES data from May 2008 to December 2011 (806
days) has thus been performed by comparing the rate of
HE events observed in the region of the FBs (ON zone) to
that observed in equivalent areas of the Galaxy excluding
9
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the FBs (OFF zones). A small excess of events (1.2σ ) was
observed in the ON region above the chosen energy cut.
Limits were placed on possible fluxes of neutrinos for vari-
ous assumptions on the energy cutoff at the source (Fig. 5).
These limits are close to the theoretical expectations, mean-
ing that the hadronic origin of the observed gamma-rays
from the FBs could be probed with the full ANTARES data
set, or after one year of data taking with the next generation
neutrino telescope to be built in the Mediterranean [23].
PRELIMINARY
Figure 5: Upper limits on the neutrino flux from the Fermi
Bubbles, estimated for different source cutoffs: no cutoff
(black solid), 500 TeV (red dashed), 100 TeV (green dot-
dashed), 50 TeV (blue dotted) together with the theoretical
predictions for the case of a pure hadronic model (the same
colours, areas filled with dots, inclined lines, vertical lines
and horizontal lines respectively). The limits are drawn for
the energy range where 90% of the signal is expected.
5 Searches for Sources of Cosmic Neutrinos
For the search of resolved sources of cosmic neutrinos, sev-
eral approaches were followed. The studies presented below
have been first applied to the 2007-2010 data (for a total
live time of 813 days), corresponding to 3058 events pass-
ing the optimised selection criteria [24]. A recent update,
based on data from the 31st of January 2007 until the 31st
of December 2012 is also presented [25], corresponding to
a total live time of ∼1334 days of which 183 days corre-
spond to the period when the detector was working with the
first 5 deployed lines. After the quality cuts, a total of 5516
neutrino candidates are selected, of which 90 % should be
atmospheric neutrinos and the rest is composed of misre-
constructed muons. The median uncertainty on the recon-
structed neutrino direction, assuming an E−2 neutrino en-
ergy spectrum, is 0.4◦±0.1◦. Almost 90% of the events are
reconstructed within 1◦ from their true direction. With the
selected events, a time-integrated full-sky search was per-
formed, which is presented in section 5.1. Another search
focused on ∼50 neutrino source candidates of various types
(section 5.2). Special attention was also paid to the case of
some extended sources (section 5.3). It is also worth men-
tioning that a two-point autocorrelation method was also
applied to the 2007-2010 data sample (section5.1.1). Such
method offers the advantage of being sensitive to a large
variety of cluster morphologies and does not depend on
Monte Carlo simulations.
5.1 Full Sky Search
In the full-sky search an excess of events over the atmo-
spheric muon and neutrino backgrounds is looked for in
the declination range [−90◦;+48◦]. The algorithm used is
based on the likelihood of the observed events, where the
knowledge of the point spread function, of the expected
background rate as a function of the declination and of the
number of hits used in the reconstruction are included. The
error estimate on the track direction, as given by the fit pro-
cedure, is also included in the likelihood on an event-by-
event basis. A skymap with the position of every selected
point in the sky is shown in equatorial coordinates in Fig. 6.
The most significant cluster is located at (R.A=-47.8◦; δ=-
64.9◦), containing 14 events. This corresponds to a fitted
number of signal events of 6.3 on top of the expected back-
ground. The post-trial p-value is 2.1%, equivalent to 2.3σ .
It is worth noticing that this is the same most significant
cluster as found in the 2007-2010 data set, plus 6 additional
events. Nonetheless, this ”warm spot” was searched for
counterparts in the electromagnetic band with data from
other instruments, without success [26].
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Figure 6: Sky map in equatorial coordinates showing the
5516 selected data events. The position of the most signal-
like cluster is indicated by the red circle. The red stars
denote the position of the candidate sources.
5.1.1 Correlation Searches
As a cross-check approach, the 2007-2010 point source
data set was also studied with a two-point autocorrelation
method. The main interest of the method is that it is sensitive
to a large variety of cluster morphologies and, on the other
side does not rely on Monte Carlo simulations. As such,
it offers complementary information to the all-sky search
presented above. The standard 2pt-correlation function,
used to search for clusters in a set of N event, is defined as
the differential distribution of the number of observed event
pairsNp in the dataset as a function of their mutual angular
distance ∆Ω. The correlation function has been modified
to incorporate information from an estimator of the event
energy. The cumulative autocorrelation distribution used is
defined as
Np(∆Ω) =
N
∑
i=1
N
∑
j=i+1
wi j×H(∆Ωi j−∆Ω), (3)
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where H is the Heaviside step function. The events are
weighted by the factor wi j = wi×w j where the individual
weights wi represents the p-value related to their energy
estimate. Such a modification of the standard autocorrela-
tion function leads to a significant increase of sensitivity to
detect clustering of events of astrophysical origin, as quan-
tified in [27]. The cumulative distributions, both for the
ANTARES data set and for an isotropic data set, are given in
Fig.7. No significant deviation from isotropy was observed.
To improve the sensitivity of the search for astrophysical
neutrinos, equation 3 was further modified to allow for
cross-correlations with external source catalogues. Two
such catalogues were tried: the 2FGL point source Fermi
catalogue and the GWGC catalogue hosting 53295 galaxies
within a distance of D < 100Mpc. In both cases, no correla-
tion was observed.
The above described studies are currently being reproduced
with the full 2007-2012 data set.
Figure 7: Cumulative autocorrelation function of the 2007-
2010 data set. The red markers denote the ANTARES data
and the black histogram represents the reference distribution
expected for an isotropic dataset. The inset shows is a zoom
on the smallest angular distances.
5.2 Candidate-list Search
Good candidates for HE ν production are active galactic
nuclei (AGN) where the accretion of matter by a super-
massive black hole may lead to relativistic ejecta [28, 29].
TeV activity from our Galaxy has also been reported by
ground based gamma-ray telescopes. Many of the observed
Galactic sources [30] are candidates of hadron acceleration
and subsequent neutrino production. This includes, among
others, supernovae remnants, pulsar wind nebulae or mi-
croquasars. A list of ∼ 50 sources of interest has been es-
tablished for a search in the corresponding specific direc-
tions. No significant excess was found. Upper limits on the
neutrino flux from these sources were derived as shown in
Fig.8. In addition to the above mentioned sources, cosmic
neutrinos were also looked for in the direction of a selected
sample of gravitational lenses, with the same method. The
results of this specific study, applied to the 2007-2010 data
set, are presented in [31].
For TeV-PeV sources, these limits are the best for the South-
ern hemisphere since, for this region of the sky, the IceCube
limits are relevant above ∼ 1 PeV, an energy threshold ap-
plied in order to mitigate the downgoing muon background.
5.3 Extended Sources
Several of the sources included in the candidate source list
are not point-like, but have an intrinsic spatial structure
that can be resolved by ANTARES. This applies to sources
such as the shell-type supernova remnant RX J1713.7-3946
and the pulsar wind nebula Vela X. For these sources, the
assumption of point-like sources is not optimal and may
be improved. Assuming the neutrino flux to be related to
the gamma-ray flux and taking into account the measured
extensions, special studies were made for these two sources.
Upper limits (90% C.L.) on the flux normalisation were
computed, as well as the corresponding model rejection
factor (MRF). For RX J1713.7-3946 the upper limit is a
factor 6.4 higher than the theoretical prediction. For Vela X
the upper limit is a factor 9.7 higher than the model, which is
slightly worse than previously obtained with the 2007-2010
data set, because of the presence of 4 additional events. In
both cases ANTARES limits are the most restrictive ones for
the emission models considered (see [25] for more details).
Figure 8: Upper limits (at 90% C.L.) on the E−2 neutrino
flux from selected candidate sources as function of their
declination. Upper limits from other experiments are also
indicated. The lines show the expected median sensitivities.
6 Searches for Transient Sources
Other potential sources of extra-galactic HE neutrinos are
transient sources like gamma ray bursts (GRBs, section 6.1).
The flux of HE neutrinos from GRBs [32] is lower than
the one expected from steady sources, but the background
can be dramatically reduced by requiring a directional and
temporal coincidence with the direction and time of a GRB
detected by a satellite. Similar studies can also be applied
to AGNs or microquasars while observed in high flaring
periods (section 6.2).
6.1 GRB
A first search for neutrino-induced muons in correlation
with a selection of 40 GRBs that occurred in 2007, while
the detector was in its 5-line configuration, is reported
in [33]. A second search, based on the 2008 - 2011 data
sample, was recently performed, corresponding to an anal-
ysed set of 296 GRBs, representing a total equivalent live
time of 6.6 hours. In contrast to the previous searches, this
study has been optimised for a fully numerical neutrino-
emission model, based on [34]. The optimisation relied on
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Figure 9: Individual spectra of all analysed bursts in the
second study (thin solid lines) and their sum (thick solid
lines) for an analytical model (blue) and a more recent
numerical model (red). Experimental limits on the total
fluence are shown in dashed lines. The righthand axis gives
the inferred quasi-diffuse flux limit E2Φν .
an Extended Maximum Likelihood Ratio built with an a pri-
ori knowledge of the background estimated from real data
from the whole data sample period, in the GRB direction,
adjusted to match the detector efficiency at the respective
trigger time.
In both cases, no significant number of events was found in
correlation with the prompt photon emission of the GRBs
and upper limits were placed on the total fluence from the
whole sample as well as on the inferred quasi-diffuse flux of
neutrinos for different models, as shown in Fig. 9. Although
not competitive with the IceCube limits, the ANTARES
results are obtained on a 90% different sample of GRBs,
thus offering some complementarity.
On April 27th, 2013, the brightest GRB of the last 29 years
has been detected by five γ-ray telescopes simultaneously,
with the highest-energy photon detected by Fermi-LAT
reaching a record-holding energy of 94 GeV. Consequently,
a dedicated search for neutrino emission from this excep-
tionally nearby GRB130427A has been conducted. No
excess over background has been found in coincidence
with the electromagnetic signal, thus the first limits have
been placed on the neutrino emission from this burst[35],
as shown in Fig. 10
The above mentioned studies are triggered searches
based on external alerts. Reversely, ANTARES can also send
alerts thanks to the ability of its data acquisition system to
rapidly filter and reconstruct events in real-time [36]. In this
context, the 2pi instantaneous sky coverage and the high
duty cycle of the detector are relevant assets. Alerts consist
either of doublets occurring within 15 minutes and separated
by 3◦ or of HE events (typically above 5 TeV). Recenty, a
third criterion has been implemented: events closer than
0.3◦ from a local galaxy (within 20 Mpc) generate an alert
as well. Since 2009, alerts have been sent on a regular basis
to a network of fast-response, wide field of view (1.9◦×
1.9◦) robotic telescopes (TAROT, ROTSE, ZADKO) and
more recently also to the SWIFT/XRT telescope. The rapid
response of the system (∼ 20s) is particularly well suited
for the detection of optical afterglows from GRBs. Up to
now, no optical counterpart associated with a neutrino alert
was observed and limits on the magnitude of a possible
GRB afterglow were derived [37].
6.2 Flaring Sources
To further improve the sensitivity, specific searches have
been performed during reported period of intense activity
of some sources. This approach enhances the sensitivity
by a factor 2-3 with respect to a standard time-integrated
search, for a flare duration of 1-100 days. The first analysis
of this kind was made with a total of ten blazars selected
based on their Fermi-LAT light curve profiles in the last
four months of 2008. In this method, the assumed neutrino
time distribution is directly extracted from the gamma-ray
light curve. The search for a signal is performed using an
unbinned likelihood ratio maximisation, where the data
are parameterised as a two components mixture of signal
and background. For one of these AGNs (3C279), one
neutrino candidate was found to be in spatial (0.56◦) and
time coincidence with the flare. The post-trial probability for
this to occur randomly in the only-background hypothesis
was evaluated as 10%. The 90% C.L. upper limits derived
on the neutrino fluence for these AGNs are presented in [38].
An extension of the search was recently done with data
till December 31st, 2011 (750 live time days). A total of
86 flaring periods from 41 blazars was studied with an
improved likelihood incorporating the number of hits as an
energy proxy, yielding an additional improvement of about
25 %. Again, the most significant flare, with a post trial
p-value of 12%, is found for 3C279 with a second event
passing the selection. More details are given in [39].
Another search of this kind has been conducted with a list
of 6 microquasars with x-ray or gamma-ray outbursts in
the 2007-2010 satellite data (RXTE/ASM, Swift/BAT and
Fermi/LAT). No significant excess of neutrino events in
spatial and time coincidence with the flares was found. The
inferred limits on the neutrino flux are close to theoretical
predictions[40] which may be reached by ANTARES in the
following years, in particular for what concerns GX339-4
and CygX-3.
Figure 10: Upper limits on the neutrino fluence from
GRB130427A (dashed lines), both for the analytical model
(blue) and the more recent numerical model (red). The pre-
dicted fluences are shown as a solid line (same color code).
6.3 Sources emitting Gravitational Waves
Another example of a multi-messenger search with
ANTARES candidate events used as a trigger, is the search
for joint sources of HE neutrinos and Gravitational Waves
(GWs) with the VIRGO and LIGO interferometers. In
addition to already know type of sources, the association
of HE neutrino candidates with GWs could reveal new,
hidden sources that are not observed by conventional pho-
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ton astronomy (e.g. failed GRBs). This has motivated the
signature of an agreement for data exchange between the
ANTARES Collaboration, the LIGO Scientific Collaboration
and the Virgo Collaboration. Two common data set exists.
The first one covers the period from January to September
2007 which coincides with the fifth and first science runs
of LIGO and Virgo, respectively, and with data from the
5 first ANTARES lines. This common data set was jointly
analysed. No significant number of coincident event was
observed and limits on the density of joint HE neutrino -
GW emission events in the local universe were placed [41].
An additional data set corresponding to the second VIRGO-
LIGO common science data sample (from July 2009 to
October 2010) and to the full ANTARES configuration is
currently being analysed with improved methods on both
sides.
7 Beyond Astrophysics
The ANTARES detector offers the possibility to study a
broad field of physics, beyond astrophysics. Here we briefly
report on searches for DM in the form of Weakly Interact-
ing Massive Particles (WIMPs, section 7.1) and further ex-
otic physics such as magnetic monopoles and nuclearites
(section 7.2).
7.1 Dark Matter Searches
Figure 11: 90% C.L. upper limit on the muon neutrino
flux as a function of the WIMP mass for the three self-
annihilation channels bb¯ (green), W+W− (blue) and τ+τ−
(red).
WIMPs are advocated in many theoretical models to ex-
plain the missing matter in the Universe. As massive parti-
cles, they are gravitationally trapped in dense bodies such
as the Sun, the Earth or the Galactic centre, where they can
subsequently self-annihilate. As by-product of the annihila-
tion process, neutrinos can be produced, which may be the
only particles able to escape, with an energy of the order of
the mass of the WIMP. A signature for DM would therefore
be an excess of neutrinos in the direction of such bodies in
the ∼10 GeV - 1 TeV energy domain.
A first search in the direction of the Sun has been performed
using the data recorded by ANTARES during 2007 and 2008,
corresponding to a total live time of 294.6 days. For each
WIMP mass and each annihilation channel envisaged, the
quality cuts were chosen to minimise the average 90% C.L.
upper limit on the DM induced neutrino flux. No excess
above atmospheric background was found. The results are
reported in [42].
An improved analysis has been recently unblinded, relying
on 1321 effective days from the 2007-2012 data set. Im-
provements arise at low energy from the addition of events
reconstructed with only one line (offering poor azimuth ac-
curacy but valuable zenith information). Another source of
improvement comes from the use of 2 independent track
reconstructions, the best one being kept for each tested
WIMP mass. Again, no significant number of event was
found over background and upper limits were derived on
the flux of neutrinos from the Sun (see Fig. 11 ). Addi-
tionally, in Fig. 12, the 90% C.L. upper limits in terms of
spin-dependent WIMP-proton cross-sections are derived
and compared to predictions of the MSSM-7 [43] model, a
simplified version of the Minimal SuperSymmetric Model
containing a neutralino as lightest stable particle.
Figure 12: ANTARES limits on the spin-dependent cross-
section of WIMPS on protons inside the Sun. Non-excluded
MSSM-7 models from a scan over its parameter space
are indicated. The results from Baksan 1978-2009 (dash-
dotted lines), SuperKamiokande 1996-2008 (dotted lines)
and IceCube-79 2010-2011(dashed lines) are also shown,
with the addition of the direct detection limits from KIMS
2007 (dashed-dotted black line) and COUP 2011 (dashed
black line).
7.2 Exotic Searches
7.2.1 Magnetic Monopoles
Magnetic monopoles are predicted by various gauge the-
ories to have been produced in the early universe. Their
predicted signature in a neutrino telescope is quite visi-
ble, as the intensity of the light they emit in the detector is
O(104) times greater than the Cherenkov light, depending
on the velocity β . A search for relativistic upgoing mag-
netic monopoles was performed with 116 days live time
of ANTARES 2007-2008 data [44]. In order to improve the
sensitivity for low velocity monopoles, the tracking algo-
rithm has been modified so as to leave the velocity as a free
parameter to be fitted. One event was observed, compatible
with the background only hypothesis. The derived limits on
the upgoing magnetic monopole flux above the Cherenkov
threshold for 0.625≤ β ≤ 0.995 are shown in Fig. 13.
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7.2.2 Nuclearites
Nuclearites are hypothetical massive stable particles made
of lumps of up, down and strange quarks [46]. They could
be present in the cosmic radiation, either as relics of the
early Universe or as debris of supernovae or strange star
collisions. They could be detected in a neutrino telescope
through the blackbody radiation emitted by the expanding
thermal shock wave along their path.
A dedicated search was performed with data collected in
2007 and 2008. The study was optimized for non relativistic
nuclearites. Assuming a velocity β = 10−3 outside the
atmosphere, the nuclearite should have a mass larger than
∼ 1022 GeV in order to cross the Earth. Since the nuclearite
flux is expected to decrease with the nuclearite mass, only
downgoing nuclearites were considered in the analysis. As
for monopoles, the light yield in the detector depends on
the nuclearite mass. It is expected to be much greater than
for relativistic muons for nuclearite masses larger than
few 1013 GeV. After unblinding, no significant excess of
nuclearite-like events was found. Upper limits on the flux
of downgoing nuclearites were established between 7.1×
10−17 and 6.7× 10−18cm−2s−1sr−1, for the mass range
1014 ≤MN ≤ 1017 GeV.
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Figure 13: The ANTARES 90% C.L. upper limit on an
upgoing magnetic monopole flux for relativistic velocities
0.625 ≤ β ≤ 0.995 obtained in this analysis, compared to
the theoretical Parker bound [45] and previous results from
other experiments.
8 Conclusions
The ANTARES neutrino telescope is the first and only deep
sea neutrino telescope currently in operation. It has been
continuously monitoring the Southern Sky with unprece-
dented sensitivity (in particular to the TeV sources of the
central region of our Galaxy) since the deployment of the
first detection lines in 2007.
Besides atmospheric neutrino studies, several searches for
neutrinos of astrophysical origin have been performed, in-
cluding a rich multi-messenger program.
Beyond astrophysics, competitive searches for dark matter
and even more exotic particles have been carried out. All
the studies presented in the proceedings will be updated
with the data remaining to be analysed and/or recorded. The
data acquisition is foreseen at least until the end of 2016,
when the detector gets eventually superseded by the next
generation KM3NET detector [47], currently being built in
the Mediterranean Sea.
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2 - Update on the ANTARES full-sky neutrino point source search
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Abstract: Identifying the sources of galactic and intergalactic high energy neutrinos is one of the main goals of
the ANTARES experiment. For several galactic supernova remnants, which have been confirmed by the Fermi
satellite as sources of cosmic rays, ANTARES is the most sensitive detector currently probing neutrino emission in
the relevant sub-PeV energy range. The most recent results of a full-sky search will be presented as well as results
for a number of preselected gamma-ray sources of interest. In addition, results for a specific model describing two
extended sources, RX 1713 and Vela X, are discussed.
Keywords: neutrino astronomy, neutrino telescopes, anisotropy, point sources.
1 Introduction
Cosmic rays (CRs) are known for more than 100 years, since
their discovery by Victor Hess. Although progress has been
made recently in measuring the flux with very high precision
up to the highest energies as well as determining the
composition of the CRs, their origin where these particles
are accelerated up to energies of 1018 eV or even higher,
remains unknown. Among existing models of possible
acceleration sites one can find galactic and extra-galactic
objects, e.g. supernova remnants or active galactic nuclei
[1]. However, the identification of the true origin becomes
challenging due to magnetic fields deflecting the CRs on
their path from the source to Earth causing the information
about their origin to be lost. In this context, high energy
neutrinos as neutral particles offer a unique opportunity to
identify and study the most violent objects in the universe
due to the fact that they can be produced through hadronic
interactions at the same acceleration site.
1.1 The ANTARES detector
The ANTARES detector [2] is an underwater neutrino tele-
scope in the Mediterranean Sea (42◦48N,6◦10E) based 40
km south of Toulon at a depth of 2475 m. Twelve verti-
cal lines are forming the basic detector structure. They are
kept taut by a buoy attached to their tops. Each line con-
sists of 25 detection stories, which are 14.5 m apart, e-
quipped with three downward looking 10-inch photomul-
tiplier tubes (PMTs) with an angle of 45◦ towards the ax-
is of the line. The average distance among the lines is be-
tween 60 and 70 m. Neutrinos are detected through their
interaction with the detector surrounding sea water and rock
creating charged particles which then induce Cherenkov
radiation. These photons are detected by the PMTs with the
corresponding time stamps and charges. This information
is then digitized into ’hits’ [3] and send to the shore station.
2 Data Selection
The data set covers the period from the 31st of January
2007 until the 31st of December 2012. During the first two
years the detector was still being constructed, i.e. in 2007
only 5 lines were in operation and in 2008 9, 10 and finally
12 were taking data. After applying data quality cuts, we
end up with a total lifetime of the detector of 1338.98 days
whereupon 183 days correspond to the 5 line period.
All recorded events are reconstructed using the time and
position information of the corresponding hits by means of
a modified maximum likelihood method (MLL) [4]. This
algorithm consists of a multi-step fitting procedure to opti-
mize the direction of the reconstructed muon by maximiz-
ing the MLL-parameter Λ. The corresponding distributions
for only upward-going reconstructed tracks are shown in
Fig.1 including the Monte Carlo predicted contributions of
atmospheric neutrinos according to the Bartol flux [5], of
misreconstructed muons and of the data. The neutrinos and
muons are simulated using the GENHEN and the MUPAGE-
package [6], respectively.
We select neutrino candidates by applying three cuts after
the reconstruction, namely Λ>−5.2 which is a measure of
the reconstruction quality, cosθ < 0.1, the zenith angle, to
select only upward going tracks and β < 1◦, the estimated
angular resolution. The last cut reduces significantly the
amount of misreconstructed atmospheric muons in the data
sample. In total, we end up with 5516 neutrino candidates
of which 90 % should be atmospheric neutrinos according
to the MC estimation and the rest is composed of misrecon-
structed muons.
3 Detector Performance
By applying cuts mentioned above to the MC data sets,
we calculated the corresponding angular resolution and
acceptance of the detector for a typical E−2 signal flux.
3.1 Angular Resolution
Previously [7], it has been reported that an ad hoc 2 ns
smearing was necessary to account for the unknown time
transit spread (TTS) within the PMTs. Recently, the timing
accuracy of the PMTs has been revised and a more accurate
description of the TTS has been obtained which has a much
sharper peak but also some long non-Gaussian tails. This
leads to an improvement of the median from 0.46 to 0.40
degrees. The corresponding cumulative distribution of the
angular resolution can be found in Fig. 2.
3.2 Acceptance
The MC data sets were also used to obtain an estimate for
the acceptance. The discussed flux has the form
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Figure 1: Cumulative distribution of the number of events
depending on the quality parameter Λ. The purple line
shows the contribution of the muon MC, while the red one
corresponds to the atmospheric neutrino MC. The bottom
plot gives the ratio between the data and the sum of both
MCs.
dN
dE
= Φ
(
Eν
GeV
)−2
GeV−2s−1cm−2, (1)
with Φ the flux normalization.The acceptance is the pro-
portionality factor between a given flux and corresponding
number of signal events expected in the detector. For the
whole data period this comes down to 1.49 (0.87) × 108
GeV cm2 s for a declination δ = -90◦ (0◦)(see Fig.3 for an
E−2 signal neutrino flux).
4 Search Method
The algorithm used on the analysis is based on the likelihood
of the observed events which is defined as:
logLs+b = ∑
i
log(
ns
N
1
2piβi
e
− |xi−xs|
2
2β2i N (Ni,sighits )
+
(
1− ns
N
) F(δi)
2pi
N (Ni,bkghits ))
where the sum is over the events, ~xi = (α,δ ) is the cor-
responding direction of event i which is weighted with a
gaussian distribution around the possible source direction
~xs with βi being the corresponding angular error. The pa-
rameter ns represents the number of signal events for a
particular source over the total number of events N in the
sample;F(δi) is a parametrization of the background rate,
obtained from the observed declination distribution of the
events andN (Nihits) is the probability for an event i to be
reconstructed with Nhits number of hits. In the case of the
full sky search, the ~xs as well as the number of signal events
are varied to find the optimal combination which maximizes
logLs+b. During the second approach, a candidate list of
possible sources is composed and fed to the algorithm in
terms of the known position of the objects. Thus, only the
number of signal events needs to be optimized. The test
statistic (TS) of our analysis is defined as
T S = logLs+b−Lb
log10( angle / deg )
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Figure 2: Cumulative distribution of the angle between the
reconstructed muon direction and the true neutrino direction
for simulated upward going neutrinos that pass the cuts
described in Section 3.1 assuming a E−2ν neutrino spectrum.
where logLb represents the background only hypothesis (ns
= 0). With increasing difference between the two functions,
the dataset becomes more signal-like.
5 Results
As mentioned above, two different kinds of analyses have
been performed, on the one hand a full-sky search for a
signal-like excess anywhere in the field of view of the
ANTARES telescope and on the other hand a fixed search,
considering an a priori defined list of promising cosmic
neutrino sources. In the following the findings of both
analyses are reported.
5.1 Full sky search
In the whole data set, the most significant cluster has been
found at αi,δi = (-47.8◦, -64.9◦) containing 14 events. This
corresponds to a fitted number of signal events of 6.3
in addition to the expected background in that direction.
Inserting the obtained values for the fitting parameters into
the test statistics yields a value for T S of 14 which translates
into a probability of 2.1 %. It is worth noticing that this is
the same cluster as two years ago plus 6 more events. A
skymap with the position of this cluster and all assigned
events is shown in Fig. 4.
5.2 Candidate list search
In total 50 possible neutrino sources have been selected
which can be found in Table 1 including the results of the
fixed search. None of these shows an excess of clustered
events exceeding significantly the number of expected
background events . The smallest post-trial p-value belongs
to the astrophysical object HESS J0632+057X, namely 7.3
%. Based on these results, Fig. 5 shows the limit on the
corresponding cosmic neutrino flux for all objects in the
candidate list depending on the declination. In addition, the
sensitivity of the ANTARES detector is presented for this
time period which is 25 % below the results reported in [7]
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Figure 3: Acceptance, i.e. the constant of proportionality
between the normalisation factor for an E−2 flux and the
selected number of events.
as well as the results from other experiments. To put the
different limits in the correct perspective, it is important
to mention that under the assumption of an E−2-flux the
IceCube experiment is mostly sensitive in the PeV energy
range in the southern hemisphere [8] while ANTARES is in
fact in the TeV regime.
-150 -100 -50 0 50 100 150
-80
-60
-40
-20
0
20
40
60
80
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Antares 2007-2012, preliminary
=-180α 260 =0α =60α 1208
=-90δ
=+90δ
Figure 4: Equatorial skymap showing the 5516 data events.
The position of the most signal-like cluster is indicated by
the circle. The stars denote the position of the 50 candidate
sources.
6 Source Morphology
Until now, all sources were assumed to be point like.
However, several of those included in the candidate source
list are in fact not point like but do have an extended
structure which can be resolved by ANTARES. Two of them
are the SNR RXJ1713.7-3946 (RXJ) and the pulsar wind
nebula VelaX. Both have been proposed to in part hadronic
acceleration processes. Based on the gamma ray spectrum
measured by H.E.S.S., Kappes et al. [9] estimated the
expected neutrino flux by assuming a gaussian distribution
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Figure 5: Limits set on the normalisation φ of an E−2ν
spectrum of high energy neutrinos from selected candidates
(see Table 1). Also shown is the sensitivity, which is defined
as the median expected limit. In addition to the present
result, several previously published limits on sources in
both the Southern and Northern sky are also shown.
to model the extended sources. The general description of
the flux is as follows
dN
dE
=Φ×10−15
[
E
TeV
]−γν
exp(
√
E/Ecut)GeV−1s−1cm−2
with Φ the flux normalization being 16.8 (11.75) for RXJ
(VelaX), γν the spectral index of 1.72 (0.98) and Ecut the cut-
off energy of 2.1 (0.84) TeV. Assuming these models, 90 %
CL limits on the flux normalization and the corresponding
model rejection factor (MRF) were computed for both
sources which are 6.4 and 9.7, respectively. The results of
point source and the morphology study are presented in
Fig. 6. Compared the latest ANTARES publication [10],
the MRF for the RXJ studied decreased from 8.8. However,
the MRF for Vela X increased from 9.1. This is due to the
fact, that during our last analysis only one event close by
was found allowing us to set a more stringent limit. With
the 2007 - 2012 data set we obtained 4 additional events,
although only 60 % more data were added. This led to a
slightly worse limit.
7 Conclusions
The ANTARES detector has been used to search for high
energy cosmic neutrinos. For this purpose, 5 years of
data taking were available whereupon during most of the
first year only five lines were deployed and afterwards
9, 10 and 12 lines for the rest of the period. According
to the corresponding MonteCarlo production, an angular
resolution of 0.40 degrees is achieved. In both, the full-sky
as well as the candidate list search, no excess above the
expected background has been found. Thus, limits have
been calculated on the cosmic neutrino flux. Finally, specific
models of the two extended sources RXJ1713 and VelaX
were discussed and the corresponding MRFs have been
presented.
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source αs(◦) δs(◦) p φ 90%CL
HESSJ0632+057 98.24 5.81 0.07 4.40
HESSJ1741-302 265.25 -30.20 0.14 3.23
3C279 194.05 -5.79 0.39 3.45
HESSJ1023-575 155.83 -57.76 0.82 2.01
ESO139-G12 264.41 -59.94 0.95 1.82
CirX-1 230.17 -57.17 1.00 1.62
PKS0548-322 87.67 -32.27 1.00 2.00
GX339-4 255.70 -48.79 1.00 1.50
VERJ0648+152 102.20 15.27 1.00 2.45
PKS0537-441 84.71 -44.08 1.00 1.37
MGROJ1908+06 286.99 6.27 1.00 2.32
Crab 83.63 22.01 1.00 2.46
HESSJ1614-518 243.58 -51.82 1.00 1.39
HESSJ1837-069 279.41 -6.95 1.00 2.09
PKS0235+164 39.66 16.61 1.00 2.39
Geminga 98.31 17.01 1.00 2.39
PKS0727-11 112.58 -11.70 1.00 2.01
PKS2005-489 302.37 -48.82 1.00 1.39
PSRB1259-63 195.70 -63.83 1.00 1.41
HESSJ1503-582 226.46 -58.74 1.00 1.41
PKS0454-234 74.27 -23.43 1.00 1.92
PKS1454-354 224.36 -35.67 1.00 1.70
HESSJ1834-087 278.69 -8.76 1.00 2.06
HESSJ1616-508 243.97 -50.97 1.00 1.39
H2356-309 359.78 -30.63 1.00 2.35
HESSJ1912+101 288.21 10.15 1.00 2.31
PKS0426-380 67.17 -37.93 1.00 1.59
W28 270.43 -23.34 1.00 1.89
MSH15-52 228.53 -59.16 1.00 1.41
RGBJ0152+017 28.17 1.79 1.00 2.19
W51C 290.75 14.19 1.00 2.32
PKS1502+106 226.10 10.52 1.00 2.31
HESSJ1632-478 248.04 -47.82 1.00 1.33
HESSJ1356-645 209.00 -64.50 1.00 1.42
1ES1101-232 165.91 -23.49 1.00 1.92
HESSJ1507-622 226.72 -62.34 1.00 1.41
RXJ0852.0-4622 133.00 -46.37 1.00 1.33
RCW86 220.68 -62.48 1.00 1.41
RXJ1713.7-3946 258.25 -39.75 1.00 1.59
SS433 287.96 4.98 1.00 2.32
1ES0347-121 57.35 -11.99 1.00 2.01
VelaX 128.75 -45.60 1.00 1.33
HESSJ1303-631 195.77 -63.20 1.00 1.43
LS5039 276.56 -14.83 1.00 1.96
PKS2155-304 329.72 -30.22 1.00 1.79
GalacticCenter 266.42 -29.01 1.00 1.85
CentaurusA 201.36 -43.02 1.00 1.36
W44 284.04 1.38 1.00 2.23
IC443 94.21 22.51 1.00 2.50
3C454.3 343.50 16.15 1.00 2.39
Table 1: Results of the candidate source search. The source
coordinates and the p-values (p) are shown as well as the
limits on the flux intensity φ 90%CL; the latter has units
10−8GeV−1cm−2s−1.
E[GeV]
210 310 410 510 610 710
]
-
1
 
s
-
2
[G
eV
 cm
Φ2 E
-1110
-1010
-910
-810
-710
-610
-510
expected Flux Vela X
Morphology Limit Vela X 2007 - 2012
Point Source Limit Vela X 2007 - 2012
expected Flux RXJ
Morphology Limit RXJ 2007 - 2012
Point Source Limit RXJ 2007 - 2012
Figure 6: Here we present the results of the Morphology
Study for RXJ (dashed) and Vela X (straight). The neutrino
flux models are shown in black, the 90 % CL limits for
point like sources in red and the E−2 point source limit
presented in Tab. 1.
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Abstract: The energy is one of the most important parameters to discriminate between atmospheric and
astrophysical events recorded by neutrino telescopes like ANTARES and IceCube. Here we introduce and describe
a method to reconstruct the energy deposited by muons along their track, dE/dX , while crossing the fiducial
volume of such a detector. Exploiting the close correlation between the energy deposit and the energy of charged
particles above a few hundred GeV we use the reconstructed dE/dX to derive the energies of the incident muon
and the primary neutrino. We describe the basic ideas behind the algorithm and, applied to the ANTARES neutrino
telescope, quantify its performance and discuss systematic uncertainties using both data and detailed Monte Carlo
simulations.
Keywords: neutrino telescopes, energy reconstruction
1 Introduction
The detection of astrophysical neutrinos and the identifica-
tion of their sources is one of the main aims of large neu-
trino telescopes operating at the South Pole (IceCube), in
Lake Baikal and in the Mediterranean Sea (ANTARES).
The vast majority of the neutrino candidates recorded by
these experiments are of atmospheric origin. To discrimi-
nate and select events of potential astrophysical origin, the
energy of the events is the prime parameter. It is expected
that the astrophysical neutrino flux follows a harder spec-
trum (typically described by an E−2 energy dependence),
whereas the atmospheric flux is falling more rapidly with
increasing energy (E−3.7 in the energy range typically ac-
cessible with current neutrino telescopes [2]).
Here we introduce and describe an algorithm to recon-
struct the energy of both the muon traversing the detector
and the primary neutrino. The algorithm has been devel-
oped within the ANTARES collaboration [1] and its use in
several analyses lead to significant increase of their sensi-
tivities [3, 4]. The underlying principles are nevertheless
valid for all neutrino telescopes and similiar algorithms are
being developed for example within the IceCube Collabora-
tion [5].
The different neutrino interaction modes lead to different
experimental signatures in neutrino telescopes. The signa-
ture of neutral current interactions are particle showers, i.e.
very localized energy deposits and light emission. The rate
of these events is limited by the available instrumented vol-
ume which acts as interaction volume. On the other hand
their energy reconstruction is possible with rather good pre-
cision as they are usually fully contained. Muons emerging
from charged current interactions of muon neutrinos pro-
vide the bulk of the neutrino induced data of ANTARES
and other neutrino telescopes due to the extension of the
fiducial volume beyond the instrumented volume. Whereas
the direction of the muon track can be reconstructed with
good precision, the reconstruction of its energy however
is, due to the intrinsic fluctuations of the energy deposited
within the detector volume, less obvious and the subject of
this paper.
The fundamental idea behind the presented algorithm is
to exploit the correlation between the energy of a charged
particle in a medium and its energy loss. The latter is de-
posited along the muon track and can be denoted as ener-
gy deposit dE per tracklength dX . At energies above the
critical energy of a few hundred GeV, energy losses due
to Bremsstrahlung become more important with respect to
ionisation losses and a clear correlation between dE/dX
and the particle energy can be expected. If a significant
amount of this energy deposit happens within or close to
the instrumented volume of a neutrino telescope it can be
detected via the recording of the emitted light along the
muon track. One will then be able to reconstruct a measure
of the (local) energy loss by dividing the measured amount
of energy deposit by the reconstructed length of the track
within the fiducial volume. Detailed Monte Carlo simula-
tions are then used to exploit the discussed correlations to
estimate the energy of the muon and the incident neutrino.
2 The dE/dX energy estimator
2.1 dE/dX estimation
We approximate the total muon energy deposit dE/dX by
an estimator ρ which can be derived on an event-by-event
basis from quantities measured by the ANTARES detector:
dE/dX ≈ ρ =
nHits
∑ Qi
ε(~x)
· 1
Lµ(~x)
(1)
ε(~x) is the light detection efficiency and will be described
in detailed below. Qi denotes the charge recorded by a
given photomultiplier tube i of the ANTARES detector.
To suppress the influence of background light, we only
consider the hits that remain after a hit selection based on
the causality criterion assuming a Cherenkov light cone
and that have been selected for the final step of the track
reconstruction. The track length Lµ is taken as the length of
the reconstructed muon path within a sensitive volume. This
volume has been defined as the cylinder of the ANTARES
instrumented volume extended by twice the approximate
light attenuation length (Latt = 55 m) to take into account
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Figure 1: Left plot: Definition of the fiducial volume used to calculate the length of the muon track Lµ . The total size of the
volume is given by ds = 430 m and hs = 560 m. Right plot: The correlation between the reconstructed dE/dX and the true
energy is used to calibrate the energy estimator. The black markers denotes the derived calibration table, i.e. the average
true energy per dE/dX bin.
the possibility of light entering the instrumented volume
from the outside. It is depicted in Fig. 1, left plot.
The ANTARES light detection efficiency is depending
on the geometrical position and direction of the muon track
~x. This efficiency ε can be derived on an event-by-event
basis as:
ε(~x) =
nOMs
∑ exp
(
− ri
Labs
)
· αi(θi)
ri
(2)
Here, the sum runs over all optical modules (OMs) that
were active at the time the event was recorded. Modules
become inactive for short periods of time, due to localized
bioluminescence bursts which cause the data acquisition
for modules close by to be stopped, or permanently, due
to mechanical or electronical failures. The distance to the
muon track r and the angle of incidence θ of the Cherenkov
light is calculated for all nOM active modules. The latter is
used to derive the angular acceptance α(θ) of the optical
modules. r is used to correct for light absorption in the water,
with Labs being the light absorption length. Finally a factor
1/r is applied to take into account the light distribution
within the Cherenkov cone.
2.2 Energy estimation
Charged current muon neutrino simulations in combination
with a time dependent detector simulation reproducing the
actual data taking conditions of the ANTARES detector
have been used to correlate the dE/dX values calculated
following Eq. 1 with the true energy of the incident neu-
trino or of the muon passing through the detector. These
correlations are shown in the right plot of Fig. 1. Averaging
the result in small dE/dX bins (∆(log(dE/dX) = 0.1), the
distributions have been condensed into the final calibration
tables. Given a dE/dX value, these tables can be used eas-
ily to derive the corresponding estimated energy. Linear
interpolations in log-log scale are used between the discrete
bins of the tables. As baseline, this calibration step is per-
formed using neutrino simulations fulfilling the quality cuts
described in [7]. It should be noted that, depending on the
intended application of the energy estimator, a dedicated
calibration might become necessary (e.g. energy reconstruc-
tion of atmospheric muons, etc.).
3 Data vs. Monte Carlo comparison
To make sure that the energy estimation will be as reliable
for real data as it is for simulated events (see Sec. 4 be-
low), a detailed data vs. Monte Carlo comparison has been
performed. This comparison has been conducted at several
levels, ranging from the input parameters that are used for
the energy estimation as given in Eq. 1 and 2 to the distri-
bution of the final reconstructed energies and for the main
event signatures available with sufficient statistics: atmo-
spheric muons and muon neutrinos. Several event selection
criteria have been tested and all distributions show a very
satisfactory agreement between data and simulations. Ex-
amples are shown in Fig. 2. It can therefore be expected to
obtain results similar to those for Monte Carlo simulations
when the estimator is applied to real data. As final example,
the distribution of the ρ estimator (see Eq. 1) is shown in
the left plot of Fig. 3 for events fulfilling the high quality
event selection criteria used for the determination of the
atmospheric neutrino spectrum [3]. It should be noted that
the total number of events selected from data is commonly
about 25 % higher with respect to the expectations from
flux parametrizations (see for example [4, 6]). Here we are
only interested in the agreement of the shape, the distribu-
tions have therefore been normalized to unity.
4 Performance
4.1 Event selection
After the verification of agreement between data and Monte
Carlo, the performance of the energy estimator can be de-
rived from Monte Carlo simulations. The described method
has therefore been applied to charge current neutrino simu-
lations reproducing the ANTARES data taken in the period
01/2008-12/2011. As an example, the event selection crite-
ria follow the ones developed during the search for point
like sources [7]. They contain a cut on the reconstructed
zenith angle θ > 90◦, a requirement on the reconstruction
quality parameter Λ>−5.2 as well as a cut on the estimat-
ed angular uncertainty of the track reconstruction β < 1◦.
To improve the energy reconstruction quality, two addi-
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Figure 2: Comparison between data (black markers) and Monte Carlo (red histogram) for events selected for the
determination of the atmospheric neutrino spectrum [3] for the main input variables to the energy estimator (cf. Eq. 1). Left
plot: The total charge of all used hits ∑nHits Qi. Middle plot: The tracklength within the fiducial volume Lµ(~x). Right plot:
The detection efficiency ε(~x).
tional criteria based on internal parameters of the energy
estimator have been developed:
• log(ρ)> 1.6
• Lµ > 380 m
Events with path lengths within the fiducial volume Lµ
shorter than 380 m are dominated by events passing out-
side the instrumented volume which leads to an overesti-
mation of the energy. The cut at the limit of the ρ−EMC
table (log(ρ) > 1.6) is necessary to define the validity of
the energy estimator: the correlation between energy and
energy deposit practically disappears at low energies and,
in addition, the current version of the calibration table is
only valid above log(ρ)> 1.6 (see Fig. 1).
4.2 Efficiency
The efficiency of the algorithm has been estimated with the
help of the above mentioned Monte Carlo simulations. An
efficiency of 1 is found over a wide range of energies for
events fulfilling the reconstruction quality cuts. The two
additional selection criteria related to the energy estimator
naturally degrade the efficiency. Whereas the cut on log(ρ)
simply reflects the validity range of the estimator, the mini-
mal track length requirement of Lµ > 380 m removes high
energy tracks that pass outside the instrumented volume.
Nevertheless this criterion is necessary to avoid a bias intro-
duced by these external events and starts to degrade the effi-
ciency of the algorithm for events above roughly 100 TeV,
therefore affecting only a marginal amount of ANTARES
data.
4.3 Resolution
Applying all selection criteria and weighting the neutrino
simulations to follow an astrophysical E−2 energy spec-
trum, the performance of the energy estimator has been de-
rived. As can be seen in Fig. 3, an average resolution of
log(E)≈ 0.45 (log(E)≈ 0.7) has been achieved for the re-
construction of the muon (neutrino) energy.
The main limitation to the energy resolution is the
limited size of the detector, which, combined with the
statistical nature of the energy loss processes, leads to an
insufficient sampling of the energy losses along the muon
track. The reconstruction of the neutrino energy suffers in
addition from the fluctuations induced in the charged current
interaction. Minor additional contributions are related to
the uncertainties of the directional reconstruction and the
selection of the hits used as input for the energy estimation.
5 Systematic uncertainties
5.1 Energy estimator calibration
The derived energy estimator relies on Monte Carlo simu-
lations for the correspondence between the estimator, i.e.
the ρ ≈ dE/dX values, and the muon (neutrino) energy.
If the used simulations do not perfectly describe the real
data, systematic biases might be introduced. No significant
difference between data and MC in the distributions of the
parameters used as input for the energy reconstruction have
been found (cf. Sec. 3). The related systematic uncertainty
is therefore expected to be reasonably small. In order to
quantify the remaining uncertainty, we studied the influence
of changes in the Monte Carlo simulations on the energy
reconstruction. In an end-to-end approach, a dedicated
ρ → E calibration (cf. Sec. 2.2) using only a subset (corre-
sponding to data taken in 2008) of a modified Monte Carlo
simulation set has been used. Applying this calibration to
the simulations described above covering the full period
(2007-2011) several potential effects are included. Among
them are uncertainties in the charge and time calibration
of the detector, different background noise levels, as well
as different detector layouts induced by maintenance and
(to a lesser extend) hardware failures. From this study, the
overall systematic uncertainty due to imperfections of the
Monte Carlo simulations has been estimated to be less than
0.1 in log(E).
5.2 Detector and time evolution
The ANTARES data taking conditions are not stable in time
mainly due to changes in the background rate (induced in
majority by bioluminescence) and changes in the detector
configuration (construction, maintenance, etc.). The relia-
bility of the energy reconstruction algorithm has therefore
been studied as function of both contributions. Thanks to
the very robust hit selection, which is able to remove the
majority of noise induced hits, no strong dependence of the
energy reconstruction quality as function of the background
rate has been found. On the other hand, due to the very dif-
ferent detector configuration of only 5 active detection lines
in 2007, a significant bias of almost 0.5 in log(E) has been
found for that period. It should be noted that the ρ estimator
itself is not influenced by this bias and that a dedicated
calibration table for that period removes it completely.
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Figure 3: Left plot: Distributions of the ρ parameter showing the good agreement between data (black markers) and
Monte Carlo simulations (solid, red line). For illustration the expectation for an astrophysical neutrino flux is also shown
(dotted, red line). Right plot: The stability of the mean (black markers) and the evolution of the RMS (red markers) of the
difference between reconstructed and true energy as function of the reconstructed energy. Filled (open) markers denote the
reconstruction of the neutrino (muon) energy.
5.3 Dependence on quality criteria
Other potential systematic effects might arise when events
are selected based on different quality criteria. To study
this behaviour a cut variation analysis has been performed.
Events have been selected based on the criteria given in
Sec. 4 removing only the cut under study one by one. No
strong dependence on the reconstructed muon direction nor
on the exact value of the quality selection criteria (here:
angular uncertainty β and reconstruction qualityΛ) is found.
The dependence on the muon path length within the fiducial
volume (cf. Fig. 1) can be removed by the requirement to
have path length Lµ > 380 m as discussed above.
Several dependencies of the energy reconstruction sta-
bility and performance on intrinsic parameters have been
studied in addition. The quality of the energy reconstruction
depends for example on the value of the detection efficiency
defined in Eq. 2. No clear evidence for its origin could
be determined. The dependency is neither correlated to
detector effects nor to the underlying event geometry. As
some events are affected by a significant underestimation of
the energy, an a-posteriori correction has been developed.
This correction is based on a fit to the mean energy bias as
a function of the detection efficiency. Applying this correc-
tion to the full data set on an event-by-event basis leads to
an improvement of the energy resolution by log(E) = 0.01
with respect to the default values obtained in Sec. 4.
5.4 Energy spectrum
The selection of simulated events used for the calibration of
the energy estimator is subject to individual choices. The
estimator can for example be trained on atmospheric muon-
s, atmospheric neutrinos or (as used throughout this pa-
per) on astrophysical neutrinos following an E−2 spectrum.
Although a dedicated calibration of the energy estimator
for each application is highly advised, an uncertainty on
the expected energy spectrum of the analysed events will
probably remain. To quantify this uncertainty, the energy of
neutrino events were reconstructed using the default E−2
calibration. They were then weighted to follow a power-
law with index α =−2.2. The obtained resolution and its
energy dependence show only a small systematic bias of
about 0.05 and an degradation of the resolution by 0.03 in
log(E). These uncertainties are comparable with the ones
introduced by modifications of the Monte Carlo simulations
and extending the validity of the calibration in time (cf.
Sec.??).
6 Summary
We presented an algorithm able to use the deposited en-
ergy dE/dX to estimate the energy of muons and neutri-
nos detected by large scale neutrino telescopes. Applied
to data and Monte Carlo simulations of the ANTARES de-
tector the method has been validated and a resolution of
log(∆E) ≈ 0.45 for muons and log(∆E) ≈ 0.7 for neutri-
nos has been obtained. The systematic uncertainty has been
conservatively estimated to be 0.1 in log(E) with the main
contribution due to the uncertainty in the energy spectrum.
The energy estimation method is mainly limited by the
available detection volume. A significance performance
increase can therefore be expected by the next generation
of neutrino telescopes like KM3NeT [8].
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Abstract: Atmospheric neutrinos are produced by the decays of unstable particles in air showers. The main
contribution to the atmospheric neutrino flux is given by the decays of pions and kaons, resulting in a very steep
energy spectrum. Additional contributions from short-lived charmed hadrons are expected to give a harder energy
spectrum above several tens of TeV.
We present a measurement of the atmospheric νµ + ν¯µ energy spectrum in the energy range 100 GeV - 200 TeV,
using data collected by the ANTARES neutrino telescope from 2008 to 2011. The measured flux is consistent with
the expectations from theoretical models as well as with the spectra measured by the AMANDA-II and IC40
Antarctic neutrino telescopes.
Keywords: neutrino telescopes, atmospheric neutrino spectrum
1 Introduction
The ANTARES detector [1] is the largest operating under-
sea neutrino telescope, located at a depth of 2475 m in the
Mediterranean Sea, 40 km offshore from Toulon, France.
The detector consists of a three dimensional array of 885
photomultiplier tubes (PMTs), distributed along 12 verti-
cal flexible lines and located in pressure resistant spheres
(optical modules, OMs), designed to detect the Cherenkov
light produced by charged particles, mostly muons, cross-
ing the instrumented volume. All the detected signals are
transmitted via an optical cable to a shore station, where
filtering and triggering of events takes place. The muon di-
rection is determined by maximising a likelihood which
compares the times of the detected signals (hits) with the
expectations from the Cherenkov signal from a muon track
[2]. A more complete description of the detector and recent
achievements can be found in these procedings [3].
The main scientific goal of the ANTARES neutrino tele-
scope is to detect muons induced by high energy neutrinos
of cosmic origin. Atmospheric neutrinos constitute an irre-
ducible background for these searches. The main contribu-
tion to the atmospheric neutrino flux is given by the “con-
ventional” component, deriving from the decays of charged
pions and kaons. Many theoretical predictions are available
for this component of the flux, such as the ones by Barr et
al. [4] and Honda et al. [5]. The competition between inter-
action and decay of pions and kaons generates a very steep
energy spectrum for the resulting neutrinos, asymptotically
proportional to E−3.7ν . Above several tens of TeV the so-
called “prompt” contributions are expected to arise from
the decays of charmed hadrons. These hadrons being much
more short-lived than charged pi and K, only decays can
occur, giving a harder energy spectrum. Many predictions
are available for this contribution (e.g. [6, 7]), but none of
them can be confirmed at the moment.
The atmospheric neutrino energy spectrum has been mea-
sured above the TeV region only by AMANDA-II [8] and
IceCube40 [9] using Antarctic ice has converting medium;
these measurements differ by ∼50% and are dominated
by systematic uncertainties. In these proceedings the first
measurement of the atmospheric neutrino energy spectrum
performed under seawater, with completely different sys-
tematic effects, will be presented.
2 Energy reconstruction
Relativistic muons passing through the detector lose energy
by means of ionization or radiative processes. The former
are dominant for Eµ < 500 GeV in water, giving energy
losses which are only slightly energy dependent; the latter
are largely dominant at higher energies and the consequent
energy loss along the muon path is linearly dependent on the
muon energy. Pair production, bremsstrahlung radiation and
photonuclear interactions are responsible for the increase
of energy losses at high energies. The energy loss per unit
length can be described by:
dEµ
dX
=−α(Eµ)−β (Eµ)Eµ (1)
where the first term takes into account ionization losses
while the second term describes radiative processes.
Radiative processes generate electromagnetic and
hadronic showers along the muon track, whose particles
are above the Cherenkov threshold and produce detectable
light. These phenomena being linearly dependent on the
muon energy, a more energetic muon will produce more
detectable light. From this assumption, it is possible to
develop muon energy estimation methods, such as the ones
described here.
2.1 Maximum likelihood approach
A first approach tries to maximise the agreement between
the expected and the observed amount of light on each OM.
Starting from the direction information of the reconstructed
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track and keeping the energy of the muon Eµ as a free
parameter, a likelihood function is built. The likelihood
function is defined as the product of individual likelihood
functionLi(Eµ):
L (Eµ) =
1
NOM
NOM
∏
i
Li(Eµ). (2)
The product is taken over all the NOM optical modules posi-
tioned up to 300 m from the reconstructed track, regardless
of whether a hit was recorded or not. At further distances,
no hit is expected to be recorded. Each individual likelihood
functionLi(Eµ) depends on the probability of observing
a pulse of measured amplitude Qi given a certain number
of photoelectrons induced on the ith OM. These individual
likelihood functionsLi(Eµ) are constructed as:
Li(Eµ)≡ P(Qi;〈npe〉) =
nmaxpe
∑
npe=1
P(npe;〈npe〉) ·G(Qi;npe),
(3)
when a hit is recorded on the ith OM and
Li(Eµ)≡ P(0;〈npe〉) = e−〈npe〉+Pth(〈npe〉), (4)
when there is no hit on the optical module. Equation (3)
takes into account the Poisson probability P(npe;〈npe〉) of
having npe photoelectrons given that the expectation is
〈npe〉, together with a Gaussian term G(Qi;npe) which ex-
presses the probability that npe photoelectrons on the pho-
tocathode will yield the measured amplitude Qi. Equation
(4) consists of a term describing the Poisson probability
of observing zero photoelectrons when the expected value
is 〈npe〉, and a term, Pth(〈npe〉), describing the probability
that a photon conversion in the optical module will give an
amplitude below the threshold level of 0.3 photoelectrons.
The performances of this energy reconstruction method are
discussed in [10].
2.2 Energy loss approach
The second muon energy estimation method relies on the
muon energy loss along its trajectory. The muon energy
deposit per unit path length (eq. 1) is approximated by
an estimator ρ which can be derived from measurable
quantities:
dE
dX
∝ ρ = ∑
nHits Qi
ε
· 1
Lµ
. (5)
The quantity Lµ represents the muon track length within a
sensitive volume defined by extending the radius and height
of the cylinder surrounding the instrumented detector vol-
ume by twice the light attenuation length. Qi is (as before)
the measured amplitude on the ith OM. To remove the con-
tribution from background light a causality criterion em-
bedded in the reconstruction algorithm is used. Finally, the
quantity ε represents the overall ANTARES light detection
efficiency. This quantity depends on the geometrical posi-
tion and direction of the muon track. It can be derived on
an event-by-event basis as:
ε =
nOMs
∑
i=1
exp
(
− ri
Labs
)
· αi(θi)
ri
. (6)
Here the sum runs over all the active optical modules. The
distance from the muon track ri and the photon angle of
incidence θi are calculated for each event; θi is used to
obtain the corresponding angular acceptance αi(θi) of the
involved OM. The distance ri is used to correct for the light
absorption (Labs, absorption length) in water taking into
account the light distribution within the Cherenkov cone. A
complete description of this energy estimation method and
its performances can be found in [11].
3 Energy spectrum measurement
3.1 Unfolding techniques
The atmospheric neutrino energy spectrum cannot be re-
constructed on an event-by-event basis. This is mainly due
to the limited resolution of the energy reconstruction: the
atmospheric neutrino energy spectrum is extremely steep
and the overestimation of the event energy would introduce
a large distortion of the spectrum at high energy. This can
be overcome by the use of unfolding techniques.
The problem to be solved can be modeled as a set of
linear equations of the form:
AE = X . (7)
The vector E represents the true unknown energy distribu-
tion in a discrete number of intervals, the vector X is the
measured distribution of the observable and the matrix A,
called the response matrix, is the transformation matrix be-
tween these two. The response matrix is built using Monte
Carlo simulations. A simple direct inversion of the response
matrix leads in most case to a rapidly oscillating solution
and large uncertainties since the matrix A is ill-conditioned
[12]: minor fluctuations on the data vector X can be catas-
trophically propagated to the solution E.
A singular value decomposition (SVD) approach to
unfold the energy spectrum [13] solves this problem by
the decomposition of the response matrix as A = USV T
where S is a diagonal matrix and U and V are orthogonal
matrices. This is equivalent to expressing the solution vector
E as a sum of terms weighted with the inverse of the
singular values of the matrix S. Small singular values can
enhance the statistically insignificant coefficients in the
solution expansion: this can be overcome by imposing
an external constraint on how the solution is expected to
behave. The process of imposing such a constraint is called
regularization.
An unfolding method not relying on the regularization
procedure is the iterative method based on Bayes’ theorem
described in [14]. Considering the case of an energy spec-
trum measurement, Bayes’ theorem states that the probabil-
ityP(Ei|X j) that Ei is the content of the ith bin of the true
energy distribution, given the measurement of a value X j
for the jthbin of the energy estimator distribution is equal
to:
P(Ei|X j) = A(X j|Ei)p0(Ei)∑nEl=1 A(X j|El)p0(El)
(8)
where A(X j|Ei) is the probability (calculated from Monte
Carlo simulations) of measuring an estimator value equal
to X j when the true energy is Ei. This quantity corresponds
to the element Ai j of the response matrix. The a priori
probability p0(E j) is the expected energy distribution at
the detector from theoretical expectations and Monte Carlo
simulations. The sum in the denominator runs over all
the nE bins of the true energy distribution. Given the
observed estimator distribution, the energy distribution at
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the detector can be obtained applying iteratively eq. 8. At the
nth iteration, the energy distribution at the detector Pn(E j)
is calculated taking into account the observed number of
events in the estimator distribution and the expectations
from Pn−1(E j). The result rapidly converges to a stable
solution.
3.2 Uncertainties
The unfolding process is dependent on Monte Carlo simula-
tions via the construction of the response matrix since sim-
ulations use a certain number of parameters whose uncer-
tainties systematically influence the unfolding result. The
largest variations in the unfolded spectrum derive from un-
certainties on the optical modules sensitivity (efficiency and
acceptance as a function of the photon incident angle) and
on water properties. The impact of the variations of these
parameters was estimated using different specialized neutri-
no simulations datasets, varying only one parameter each
time. The overall sensitivity of the optical modules has been
modified by enhancing/decreasing by 10% the probability
that a photon reaching the optical module converts into a
photoelectron on the PMT photocathode. A second uncer-
tainty related to the optical modules is associated with the
angular acceptance, i.e. on the angular dependence of the
light collecting efficiency of each OM. Two different re-
sponse curves, centred on the nominal value and departing
from it in opposite directions, were used as input of the ded-
icated Monte Carlo simulation. The uncertainties on water
properties are taken into account by applying a rescaling
factor to the curve describing the absorption length of light
in water as a function of the wavelength, in order to modify
by ±10% a standard value of 55 m for a light wavelength
of 470 nm.
The simulation set obtained with the standard parame-
ters, corresponding to our best estimate of the considered
parameters, is used to construct the default response ma-
trix. Each modified Monte Carlo sample has then been used
as pseudo-data and unfolded. The deviation in each ener-
gy bin from the spectrum obtained with the default value
of the parameter corresponds to the systematic uncertain-
ty associated with the parameter variation. The outcomes
of each of these independent uncertainty calculations are
added quadratically, separately for positive and negative
deviations. By construction of the energy estimators and of
the two unfolding methods the systematic uncertainties as
a function of the neutrino energy are different for the two
methods.
An additional uncertainty arises from the choice of the
underlying spectrum in the construction of the response
matrix; slight changes in the spectrum have been introduced
and the deriving systematic effects have been estimated.
3.3 Data analysis
The two described unfolding procedures implemented in
the RooUnfold package [15] have been applied in two in-
dependent analyses (namely a and α) on data collected by
the ANTARES neutrino telescope from Dec. 2007 to Dec.
2011 to obtain the atmospheric neutrino energy spectrum.
The corresponding equivalent livetime is 855 days. Analy-
sis a uses the maximum likelihood energy estimator (§2.1)
and the SVD unfolding technique (§3.1); analysis α applies
the Bayesian unfolding technique (§3.1) on the energy loss
estimator (§2.2). The final result is given by the averaging
of the two results, together with an estimation of the uncer-
tainties coming from both analyses.
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Figure 1: Systematic uncertainties calculated as a function
of the neutrino energy. Orange, continuous line represents
the effects given by changing the OM efficiency; blue,
dashed line is for a change in the water properties; red,
dotted line is for the OM angular acceptance variation;
green, short dashed line shows the effects given by a change
in the underlying model in the response matrix; magenta,
dash dot line is the statistical uncertainties given by the
unfolding method; black, thin line represent the differences
in the unfolding output by the two methods. The shaded
area represent the total estimated uncertainty (see text).
The main background for the analysis of atmospheric
neutrinos is given by downgoing atmospheric muons, misre-
constructed as upgoing tracks. The rejection of these tracks
is obtained by appropriate cuts on the quality variables of
the tracking algorithm Λ - related to the maximum likeli-
hood of the tracking algorithm - and β - an estimation of
the angular error on the reconstructed track [2] - and on the
reconstructed zenith angle. Two different sets of selection
cuts have been obtained by the two analyses from Monte
Carlo simulations, leading to analogous muon contamina-
tion (below 0.3% of the final sample) and similar neutrino
candidate rates - νa ∼ 1.7 ev/day and να ∼ 1.8 ev/day re-
spectively for a and α .
The two unfolding methods described in §3.1 have been
applied on the observed energy estimator distributions. The
result of the unfolding procedure is the neutrino energy dis-
tribution at the detector. In order to obtain the neutrino ener-
gy spectrum at the surface of the Earth in the common units
of GeV−1 s−1 sr−1 cm−2 the ANTARES neutrino effective
area is calculated. The correction factor to be applied on the
unfolded energy distributions takes into account the neu-
trino detection and selection efficiency, together with the
neutrino propagation through the Earth. Using the neutrino
effective area calculation, the atmospheric neutrino ener-
gy spectrum at the surface of the Earth, averaged over the
zenith angle from 90◦ to 180◦ is obtained for the two differ-
ent strategies. The atmospheric neutrino energy spectrum
presented in table 1 is given by the averaging of the result
of the two. The reported uncertainty is calculated taking the
quadratic sum of the largest uncertainty for each considered
effect from the two different analysis strategies (figure 1).
Figure 2 shows the results of this analysis together with
the published results from AMANDA-II [8] and IceCube40
[9]. Along with the experimental results from Antarctic
neutrino telescope, the ANTARES result is also compared
with the expectations from Barr et al. [4] conventional flux
25
4 - Atmospheric neutrinos with ANTARES
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
Energy range Eν 2 ·dΦν/dEν Uncertainty
log10(Eν/GeV) [GeV s
−1 sr−1 cm−2] [%]
2.00−2.33 3.2×10−4 +80,−49
2.33−2.66 1.7×10−4 +69,−32
2.66−3.00 7.8×10−5 +41,−36
3.00−3.33 3.2×10−5 +40,−34
3.33−3.66 1.1×10−5 +55,−30
3.66−4.00 3.9×10−6 +56,−31
4.00−4.33 1.2×10−6 +56,−43
4.33−4.66 3.8×10−7 +80,−46
4.66−5.00 1.2×10−7 +96,−57
5.00−5.33 4.8×10−8 +125,−73
Table 1: The unfolded atmospheric neutrino energy spec-
trum measured with the ANTARES neutrino telescope mul-
tiplied by E2ν . Each row shows the energy interval of the
bin, the measured flux multiplied by E2ν and the percentage
uncertainty on the flux.
model plus the prompt contribution from Martin et al. [6]
and Enberg et al. [7].
The result of ANTARES is averaged over the zenith
angle from 90◦ to 180◦ while AMANDA-II and IceCube40
start respectively from 100◦ and 97◦; since the atmospheric
neutrino energy spectrum is zenith dependent, a correction
factor (from ∼ 3% at 100 GeV up to ∼ 40% at 100 TeV)
is to be applied to the fluxes reported by the Antarctic
neutrino telescopes in order to be directly comparable
with the ANTARES result. Considering this correction to
be applied to the reported AMANDA-II and IceCube40
spectra, the ANTARES result is completely compatible
with the two measurements within the reported errors.
Moreover the ANTARES result is above the neutrino flux
expectations from Barr et al. by ∼25%, well within the
reported uncertainties on the theoretical flux normalization.
4 Conclusions
The atmospheric neutrino energy spectrum from 100 GeV to
200 TeV measured using data collected with the ANTARES
neutrino telescope from 2008 to 2011 has been presented
in these proceedings. Two separate analyses have been
conducted, using different energy estimators and unfolding
methods; the results of the two methods have been merged
to obtain the atmospheric neutrino spectrum. The final result
is compatible within the reported errors with the theoretical
expectations from conventional models. At the moment it is
not possible to confirm or reject the presence of any prompt
contribution to the atmospheric neutrino flux beacuse of
the large systematic uncertainties. The presented result is
compatible within the reported errors with the measurement
under the Antarctic ice by AMANDA-II and IceCube40.
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Figure 2: Atmospheric neutrino energy spectrum multiplied
by E3.5ν . The ANTARES result (black - full squares) is
shown together with the results from the AMANDA-II (red
- empty circles) [8] and IceCube40 (blue - empty squares)
[9]. The ANTARES spectrum is zenith-averaged from 90◦
to 180◦, while IceCube is from 97◦ to 180◦ and AMANDA-
II from 100◦ to 180◦ (see text). The experimental results
are shown together with the conventional flux model from
[4] (black - solid line) to which the prompt expectations
from [6] (red - dashed line) and [7] (blue - dashed line) are
added. The shaded area represents the reported uncertainty
on the conventional flux from [4]. Theoretical expectations
are averaged from 90◦ to 180◦.
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Abstract: Analysis of the Fermi-LAT data has revealed two extended structures above and below the Galactic
Centre emitting gamma rays with a hard spectrum, the so-called Fermi bubbles. Some of the promising explanations
of this phenomenon assume that accelerated cosmic rays interact with an interstellar medium in the Fermi bubble
regions producing pions. Gamma rays and high-energy neutrinos are expected with similar flux from the pion
decay. The ANTARES detector is a neutrino telescope located in the Mediterranean Sea, a geographical position
which enables good visibility to the Fermi bubble regions. Using ANTARES data from 2008 to 2011 upper limits
on the neutrino flux for Eν > 5 TeV from the Fermi bubbles were derived for various assumed energy cutoffs of
the source. No statistically significant excess of events was observed using data corresponding to 3.5 years of
lifetime.
Keywords: Fermi bubbles, neutrino, astronomy, astroparticle.
1 Fermi bubbles
Analysis of data collected with the Fermi-LAT experi-
ment has revealed two large spherical structures centred
around our Galactic Centre and perpendicular to the galac-
tic plane — the so-called Fermi bubbles [1]. These struc-
tures are characterised by gamma-ray emission with a hard
E−2 spectrum and a relatively constant intensity over the
full emission region. The approximate edges of the Fermi
bubble regions seen in gamma rays using the Fermi-LAT
data are shown in figure 1. The size of the simplified shape
shown in the same figure is 0.66 sr.
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Figure 1: Approximate edges (red line, circles) of the north
and south Fermi bubbles respectively in galactic coordinates
identified from the 1–5 GeV maps built from the Fermi-
LAT data [1]. The contour line is discontinuous at the
region of the Galactic Centre as the maps are severely
compromised by the poor subtraction and interpolation over
a large number of point sources in this region. Simplified
shape of the Fermi bubles used in this analysis (black line).
Signal from the Fermi bubble regions was also observed
in the microwave band by WMAP [2], in the X-rays by
ROSAT [3] and, recently, in the radio-wave band [4]. Sever-
al proposed models explaining the emission include hadron-
ic mechanisms, in which gamma rays together with neutri-
nos are produced by the collisions of cosmic-ray proton-
s with very underdense interstellar matter [5, 6, 7]. Other
types of the models exclude the neutrino emission or as-
sume lower fluxes. The observation of a neutrino signal
from the Fermi bubble regions may play an unique role in
discriminating between models.
The estimated photon flux in the energy range 1–
100 GeV covered by the Fermi-LAT detector from the Fer-
mi bubble regions is [1]:
E2dΦγ/dE ≈ 3−6×10−7 GeVcm−2 s−1sr−1 (1)
Assuming a hadronic model in which the gamma-ray and
neutrino fluxes arise from the decay of neutral and charged
pions respectively, the νµ and νµ fluxes are proportional to
the gamma-ray flux and their proportionality coefficients
are about 0.211 and 0.195 correspondingly [8]. With this
assumption and using Equation (1):
E2dΦνµ+νµ/dE ≡ Atheo, (2)
Atheo ≈ 1.2−2.4×10−7 GeVcm−2 s−1sr−1, (3)
the extrapolation of Equation (2) towards higher energies
can be represented by:
E2dΦνµ+νµ/dE ≈ Atheoe−E/E
cutoff
ν . (4)
The neutrino flux, as well as the gamma-ray flux, is expect-
ed to have an exponential energy cutoff represented in equa-
tion 4 by Ecutoffν . The cutoff is determined by the primary
protons which have a suggested cutoff Ecutoffp in the range
1–10 PeV [5]. The corresponding neutrino-energy cutoff
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may be estimated by assuming that the energy transferred
from p to ν derives from the fraction of energy going into
charged pions (∼ 20%) which is then distributed over four
leptons in the pion decay. Thus:
Ecutoffν ≈ Ecutoffp /20, (5)
which gives a range 50–500 TeV for Ecutoffν .
2 The ANTARES neutrino telescope
The ANTARES telescope is a deep-sea Cherenkov detector
which is located 40 km from Toulon at a mooring depth
of 2475 m. The energy and direction of incident neutrinos
are measured by detecting the Cherenkov light produced
in water from muons originating in the charged-current
interactions of νµ and ν¯µ . The light is detected with a three-
dimensional array of 885 optical modules, each containing
a 10 inch PMT. More details on the detector construction,
its positioning system and the time calibration can be found
in [9, 11, 10].
The ANTARES detector started data-taking with the first
5 lines installed in 2007. The full detector was completed in
May 2008 and has been operating continuously ever since.
Not the only neutrinos produced by the cosmic sources
present the events in the detector. Cosmic rays produce
particle showers when interacting with the atmosphere.
Muons and neutrinos created in these atmospheric showers
provide two main background components for the search
for cosmic neutrinos. The more than 2 km of water above
the detector act as a partial shield against the atmospheric
muons. Below the detector is protected by the Earth. As the
downgoing atmospheric muon background at these depths
is still bigger than the expected signal, only upgoing events
can be used for the cosmic signal search. The ANTARES
neutrino telescope, located in the Northern Hemisphere, has
an excellent visibility by means of the upgoing neutrinos
to the Fermi bubbles. Atmospheric neutrinos may traverse
the Earth and lead to upward-going tracks in the detector,
presenting an irreducible background. The signal-to-noise
ratio can be improved by rejecting low-energy neutrino
events as the spectrum of the atmospheric neutrinos is
expected to be steeper than the expected source spectrum.
Tracks are reconstructed using the arrival time of the
photons together with the positions and directions of the
photomultipliers. Details of the tracking algorithm are
given in [12]. Only events reconstructed as upgoing have
been selected for this analysis. In addition, cuts on the
reconstruction quality parameters have been applied in
order to reject downgoing atmospheric muon events that
are incorrectly reconstructed as upgoing tracks. These
parameters are the quality Λ of the track fit which is
derived from the track fit likelihood and the uncertainty β
of the reconstructed track direction. Simulations for an E−2
neutrino-energy spectrum yield a median angular resolution
on the neutrino direction of less than 0.6◦ for the events
with Λ>−5.2 and β < 1o.
A shower-like events can be identified by using the
second tracking algorithm with a two χ2-like fits of each
event, assuming the hypothesis of a relativistic muon (χ2track)
and that of a shower-like event (χ2point) [13]. Events with
χ2track > χ
2
point were excluded from the analysis.
In this analysis the energy was estimated using Artificial
Neural Networks [14]. The used parameters include the
Figure 2: Visibility of the sky at the ANTARES site in
galactic coordinates. Maximum corresponds to a 24 h per
day visibility. The area of the Fermi bubbles (on-zone) is in
the centre. The regions corresponding to the three off-zones
around the maximum of the visibility are also depicted.
number of detected photons and the total deposited charge.
The median energy resolution is roughly 50% for neutrinos
with an energy of 10 TeV.
3 Analysis
Data in the period from May 2008, when the detector started
to operate in its complete configuration, till December
2011 were used. In total 806 days were selected for the
analysis. A signal from the Fermi bubbles was searched
for by comparing the number of selected events from this
area (on-zone) with this in comparable regions with no
expected signal (off-zones). The simplified shape of the
Fermi bubbles used in this analysis is shown in Figure 1.
The events selection was based on two parameters, namely
the track quality parameter Λcut and the reconstructed
energy EcutRec. The reconstructed energy was used to decrease
the atmospheric neutrino background while Λ was used
mostly to remove the atmospheric muons. The analysis
adopted a blinding strategy in which the cut optimisation
was performed using simulated data for the signal and the
events arriving from the off-zones for the background.
Off-zones with the same size and shape as the on-zone
were defined using events coming from the same solid
angle in local coordinates as the on-zone events, but shifted
with some fixed delay in time. This ensures the same
expected number of background events, as their number
is proportional to the efficiency of the detector, which is a
function of the local coordinates only. The off-zones defined
in this way are fixed in the sky. The size of the Fermi
bubbles allows to select at maximum three non overlapping
off-zones. The Fermi bubble regions and the three off-zones
are shown in figure 2 together with the sky visibility. The
visibility to each point on the sky was calculated as a part
of the sidereal day during which it is below the horizon
(in order to produce upgoing events in the detector). The
visibility to each zone is 0.68 (0.57 for the northern part
and 0.80 for the southern part of the Fermi bubble regions).
The difference in the number of background events
between the on-zone and the three off-zones was tested.
Firstly, the number of events in the off-zones was extracted
from the data for various cuts (Λ, ERec) and the difference
in the event numbers between each pair of off-zones was
calculated. This difference was compared with the statistical
uncertainty and no deviation was seen beyond the expected
statistical fluctuations. Secondly, the number of events in the
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Figure 3: Distribution of the fit-quality parameter Λ for
the upgoing events arriving from the three off-zones: data
(black crosses), 64% confidence area given by the total
background simulation (grey area), νsimatm (blue full cirles),
µsimatm (pink empty circles); bin-ratio of the data to the total
background simulation (bottom).
on-zone together with the average number of events in the
three off-zones was tested using the simulated atmospheric
background and the difference was found to be within the
expectation from the statistical uncertainty.
The simulation chain for ANTARES is described in [15].
For the expected signal from the Fermi bubbles the flux
according to equation 4 was assumed. Four different cutoffs
Eνcut were considered in this analysis: no cutoff (E
cutoff
ν =∞),
500 TeV, 100 TeV and 50 TeV which correspond to the
suggested cutoff of the proton spectrum. Atmospheric
neutrinos were simulated using the model from the Bartol
group [16] which does not include the decay of charmed
particles. At energies above 100 TeV the semi-leptonic
decay of short-lived charmed particles might become a
significant source of atmospheric neutrino background.
The uncertainty introduced by the estimation of this flux
contribution ranges over several orders of magnitude. Due
to the comparison of on and off zones and the final cut
∼ 10 TeV (defined in the end of this section) the flux from
the charmed particle decay does not have a significant
impact on the analysis nor alter the final result on upper
limits.
Figure 3 shows the distribution of data and simulated
events as a function of the parameter Λ for events arriving
from the three off-zones. Here the events with at least 10
detected photons associated with the reconstructed track
were selected with the requirement of angular error estimate
β < 1◦. The latter condition is necessary in order to ensure
a high angular resolution to avoid events originating from
the off-zone region being associated with the signal region
and vice versa. The requirement on the number of photons
removes most of the low-energy background events.
Figure 3 shows a change of the main background compo-
nent at Λ∼−5.35: for Λ<−5.35 most of the events are
misreconstructed atmospheric muons while for Λ>−5.35
the upgoing neutrino events are dominant. The flux of atmo-
spheric neutrinos in the simulation is 23% lower than ob-
served in the data. This is well within the systematic uncer-
Table 1: Optimisation results for each cutoff of the neutrino
energy spectrum. Average upper limits on the flux coeffi-
cient A90% are presented in units of 10−7 GeVcm−2 s−1sr−1.
Bold numbers highlight the cut used for the A90% calcula-
tion presented in the last row of the table.
Ecutoffν (TeV) ∞ 500 100 50
Λcut -5.16 -5.14 –5.14 –5.14
log10(E
cut
Rec[GeV]) 4.57 4.27 4.03 3.87
A90% 2.67 4.47 8.44 12.43
A10090% (100 TeV cuts) 3.07 4.68 8.44 12.75
tainty on the atmospheric neutrino flux and the simulation
was scaled accordinly in the further analysis.
Table 1 reports the optimal cuts (Λcut, EcutRec) obtained
for the four chosen cutoff energies (50, 100, 500 TeV and
∞) of the neutrino source spectrum and the corresponding
value of the average upper limit on the flux coefficient A90%.
Additionally, the optimal cuts for Ecutoffν = 100 TeV were
applied for the other neutrino-energy cutoffs. The values
A10090% are reported for comparison. As the obtained values
A90% and A
100
90% for each cutoff are similar, the 100 TeV cut
was chosen for the final event selection.
4 Results
The final event selection with the cut Λ > −5.14,
log10(ERec[GeV]) > 4.03 was applied to the unblinded
data. In the three off-zones the average number of back-
ground events nbg = (9+ 12+ 12)/3 = 11 was observed.
Nobs = 16 events were measured in the Fermi bubble re-
gions. A significance 1.2 σ as a standard deviation of the
no-signal hypothesis was obtained using the method by Li
& Ma [19].
The distribution of the energy estimator for both the
on-zone and the average of the off-zones is presented in
figure 4. A small excess of high energy events in the on-
zone is seen with respect to both the average from the off-
zones and atmospheric neutrino simulation. In addition, no
evident clusters were observed by plotting events seen in
the Fermi bubble regions.
Upper limits on the number of signal events were cal-
culated applying a Bayesian approach at 90% C.L. using
the probability distrubution with two Poisson distributions
for the measurements in the on-zone and in the three off-
zones. In order to account for systematic uncertainties in
simulations of the signal a special study was performed in
which the assumed absorption length in seawater was var-
ied by ±10% and the assumed optical module efficiency
varied by ±10%. For each variation the number of events
was calculated for each cutoff and compared with the val-
ue ssim obtained using the standard simulation. The differ-
ences were calculated and summed in quadrature to obtain
σsim. A Gaussian distribution of the efficiency coefficient
for the signal with mean ssim and sigma σsim was added to
the probability distribution.
The frequentist approach from [18] was used for a cross-
check. The statistical uncertainty in the background and
the efficiency uncertainty given by signal simulations were
used. The results are summarised in Table 2 and are shown
in figure 5 .
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Figure 4: Distribution of the reconstructed energy of the
events after the final cut on Λ: events in on-zone (red cross-
es), average over off-zones (black circles), 64% confidence
area given by the total background simulation (grey area),
expected signal from the Fermi bubbles without neutrino-
energy cutoff (green area filled with dots) and 50 TeV cut-
off (green area filled with horizontal lines). Black line with
an arrow represents the final event selection.
Table 2: 90% C.L. upper limits on the neutrino flux co-
efficient A for the Fermi bubbles presented in units of
10−7 GeVcm−2 s−1sr−1.
Ecutoffν (TeV) ∞ 500 100 50
ssim 2.9 1.9 1.1 0.7
σsim, % 14 19 24 27
Aupper90% 5.4 8.7 17.0 25.9
Aupper90% from [18] 5.9 9.1 16.7 26.4
Figure 5: Upper limits on the neutrino flux from the Fermi
bubbles, estimated with Bayes’ method for different cutoffs:
no cutoff (black solid), 500 TeV (red dashed), 100 TeV
(green dot-dashed), 50 TeV (blue dotted) together with the
theoretical predictions for the case of a pure hadronic model
(the same colours, areas filled with dots, inclined lines,
vertical lines and horizontal lines correspondingly).
5 Conclusions
High-energy neutrino emission from the region of the
Fermi bubbles has been searched for using data from the
ANTARES detector.
An analysis of the 2008–2011 ANTARES data yielded
a 1.2 σ excess of events in the Fermi bubble regions,
compatible with the no-signal hypothesis. For the optimistic
case of no energy cutoff in the flux, the limits are within
a factor of three of a pure hadronic model. The sensitivity
will improve as more data is accumulated (more than 65%
gain in the sensitivity is expected once 2012–2016 data
is added to the analysis). The next generation KM3NeT
neutrino telescope [20] will provide more than an order of
magnitude improvement in sensitivity.
References
[1] M. Su, T. Slatyer, D. Finkbeiner, Astrophys. J. 724 (2010)
1044.
[2] G. Dobbler, arXiv:1109.4418v2 [astro-ph.GA], 2011.
[3] S.L. Snowden et al., ApJ 485 (1997)125.
[4] E. Carretti et al., Nature 493(2013) 66.
[5] R.Crocker, F.Aharonian, Phys. Rev. Lett. 106 (2011)
101102.
[6] B. C. Lacki, arXiv:1304.6137 [astro-ph.HE] 2013.
[7] S. Thoudam, arXiv:1304.6972 [astro-ph.HE] 2013.
[8] F.L.Villante, F.Vissani, Phys.Rev. D 78, 103007 (2008).
[9] ANTARES Collaboration, J.A. Aguilar et al., Nucl. Instrum.
Meth. A 656 (2011) 11-38 doi:10.1016/j.nima.2011.06.103.
See also A. Kouchner, for the ANTARES collaboration,
Article 1 p. 7.
[10] ANTARES Collaboration, J.A. Aguilar et al., Astropart.
Phys. 34 (2011) 539.
[11] ANTARES Collaboration, S. Adria´n-Martı´nez et al., JINST
7 (2012) T08002.
[12] ANTARES Collaboration, S. Adria´n-Martı´nez et al., ApJ
760 (2012) 53.
[13] ANTARES Collaboration, J.A. Aguilar et al., Astropart.
Phys. 34 (2011) 652-662.
[14] J.Schnabel, Nucl. Instrum. Meth. A, NIMA55282,
doi:10.1016/j.nima.2012.12.109.
[15] Brunner, J. 2003, in VLVnT Workshop (Amsterdam),
ANTARES simulation tools, ed. E. de Wolf
(Amsterdam:NIKHEF),
http://www.vlvnt.nl/proceedings.pdf.
[16] Bartol group, V. Argawal et al., Phys. Rev. D, 53 (1996)
1314-1323.
[17] G.C. Hill and K. Rawlins, Astropart. Phys. 19 (2003)
393-402.
[18] J. Conrad et al., Phys. Rev. D. 67 012002 (2003).
[19] T. Li, Y. Ma, Astrophys. J. 272 (1983) 317-323.
[20] KM3NeT Collaboration, S. Adria´n-Martı´nez et al.,
Astropart. Phys., 42 (2013) 7-14. See also R.Coniglione
et al., for the KM3NeT collaboration, this conference.
30
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE
6 - Gravitational Lensing and Neutrinos with the ANTARES Deep-Sea Telescope
SALVATORE MANGANO1 AND JUAN JOSE´ HERNA´NDEZ-REY1 FOR THE ANTARES COLLABORATION.
1 IFIC - Instituto de Fı´sica Corpuscular (CSIC- Universitat de Vale`ncia), E-46980 Paterna, Spain
manganos@ific.uv.es
Abstract: Galaxy clusters can enhance the photon flux observed from sources behind them through the
gravitational lensing. Neutrino fluxes would also be enhanced by this effect, and this could allow to observe
sources otherwise below the detection threshold. Neutrinos, contrary to photons, would not be absorbed by the
gravitational lens. Therefore, sources with a moderate observed gamma-ray flux could be interesting candidates
for neutrino telescopes. This paper presents the outcome of a search for cosmic neutrinos in the direction of a
selected samples of eleven of the most promising gravitational lenses using the data collected from 2007 to 2010
by the ANTARES telescope. The result of this search shows no excess of neutrino events over the background for
these considered directions.
Keywords: ANTARES, neutrino telescope, gravitational lensing
1 Introduction
Gravitational lensing of electromagnetic radiation from dis-
tant astrophysical sources is a well-known prediction of
Einstein’s general relativity [1, 2], now corroborated by nu-
merous and sometimes spectacular observations. The gravi-
tational bending of light generated by mass or energy con-
centrations along a light path produces magnification, dis-
tortion and multiple images of a background source. Since
the first detection of multiple images of the gravitationally
lensed object, Q0957+561 [3], more than 100 quasar lenses
have been discovered opening a new branch of astrophysics
with a large potential for future applications.
Gravitational lensing is also expected to act on cosmic
neutrinos, and a variety of possible configurations for neutri-
no lensing by massive astrophysical objects has been theo-
retically studied in the literature [4, 5, 6, 7, 8]. The possibil-
ity of neutrino gravitational lensing also offers great interest
for large-scale Cherenkov detectors currently looking for
high-energy (∼ TeV and beyond) cosmic neutrinos. Such
neutrinos are expected to be emitted along with gamma-
rays by astrophysical sources in processes involving the
interaction of accelerated hadrons and the subsequent pro-
duction and decay of pions and kaons. Both gamma-rays
and neutrinos will be similarly deflected by any sufficient-
ly massive object interposed between the source and the
observer.
While the limited angular resolution of neutrino tele-
scopes prevents the observation of multiple-image patterns,
these instruments could be sensitive to an overall enhance-
ment of the neutrino flux from a lensed astrophysical source.
The magnification factor so achieved could in fact allow the
detection of sources whose intrinsic brightness is just below
the sensitivity of the telescope. Known gravitational lenses
with large magnification capabilities are interesting for such
telescopes as they would enhance the flux from any neutri-
no source located behind them. Moreover, due to their weak
interactions, neutrinos suffer much less than photons from
absorption while crossing the lens. Even a source which
is a moderate gamma-ray emitter could therefore become
a promising target for neutrino telescopes provided it lies
behind a powerful gravitational lens.
The ANTARES neutrino telescope [9, 10] is located on
the bottom of the Mediterranean Sea at a depth of 2475 m.
The main objective of the experiment is the observation
of neutrinos of cosmic origin in the Southern hemisphere
sky. Sea water is used as the detection medium of the
Cherenkov light induced by relativistic charged particles
resulting from the interaction of neutrinos. The knowledge
of the timing and amplitude of the light pulses recorded by
the photomultiplier tubes allows to reconstruct the trajectory
of the muon and to infer the arrival direction of the incident
neutrino. The design of ANTARES is optimized for the
detection of up-going muons produced by neutrinos which
have traversed the Earth, in order to limit the background
from down-going atmospheric muons. Its instantaneous
field of view is ∼ 2pi sr for neutrino energies between about
10 GeV and 100 TeV.
ANTARES has looked for neutrinos from the direction of
51 candidate sources [11]. No statistically significant excess
has been found. In this letter we present a complementary
search for point-like sources of cosmic neutrinos in the
direction of known gravitational lenses. As stated above,
the assumption of proportionality between neutrino and
gamma-ray fluxes can be relaxed in this case. The selection
will therefore focus on gravitational lensing systems with a
high-amplification lens and a plausible candidate neutrino
source.
2 Gravitational Lensing
Massive neutrinos do not move along the same null geodesic
as massless photons. The non-zero mass brings a time delay
and small differences of the angular deflection of neutrino
in comparison to photons. However these differences are
tiny as shown below.
Massive neutrinos do not travel at the speed of light,
hence a time delay [12] with respect to photons T =
0.5s
(
D
10 kpc
)(
m2ν
100 eV 2
)(
100 MeV 2
E2ν
)
, where Eν represents
the neutrino energy, D is the source distance to Earth and
mν is the neutrino mass. For the furthest quasar selected in
Table 1, the neutrino time delay in comparison to photons
is less than a second for a neutrino mass mν ∼ 1 eV and
energy Eν ∼ 1 TeV [13]. Moreover the angular deflection
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Figure 1: The gravitational lens geometry for a compact
lens M. O is the location of the observer. S is the position of
the source and I is the apparent position of the source.
for a relativistic neutrino with mass mν that passes by a
compact lens of mass M with an impact parameter b is [14]
α(b) =
4GM
c2b
(
1+
m2ν
2E2ν
)
, (1)
where Eν is the energy of the neutrino, G is the gravita-
tional constant and c is the speed of light in vacuum.
For astrophysical neutrinos with mν ∼ 1 eV and
Eν ∼ 1 TeV, the value m2ν/2E2ν  1 and the deflection an-
gle difference between photon and neutrino is negligible.
Therefore Equation 1 simplifies to the deflection angle
known from photons and the neutrino is treated as a mass-
less particle.
Figure 1 shows a general lensing configuration [15],
where a compact lens of mass M lies close to the line of
sight of a source at a distance DOL from the observer O. The
angle β describes the position of the source S with respect
to the optical axis which in our case is the lens direction.
DOS is the distance between the observer and the source
and DLS the distance between the lens and the source. The
angle θ describes the apparent position of the source image
I with respect to the lens direction. Due to the gravitational
field of the lens the trajectory of the neutrino is bent by the
angle αˆ .
If all the angles are small, the lens equation [15, 16, 17]
can be written in the following way:
β = θ − θ
2
E
θ
, (2)
where the Einstein angle θE is
θE =
√
4G
c2
√
DLS
DOS
√
M
DOL
. (3)
Equation 3 can be split in three components: a constant
term, a term related to the source and a term related to the
lens. In general space-time curvature allows more than one
macroscopic path between source and telescope and the
source object has multiple images. The assumption of the
lens to be point-like holds at least roughly if the Einstein
angle of the lensing system is larger than the physical scale
of the lens [14]. In particular, if the background neutrino
source, the massive lensing object, and the observer lie
on a straight line (β = 0), the original neutrino source
will appear as a ring with an angular radius θE around
the massive lensing object. This kind of images are called
Einstein rings. Moreover, only sources within the Einstein
angle are strongly magnified. If the source is not exactly
aligned with the lens we obtain from Equation 2 two
solutions. The two images lie at opposite positions of
the source with an angular separation of ∆θ = θ+− θ−.
These separations are at most of the order of a few tens
of arcseconds and cannot be resolved by the ANTARES
detector. However the focusing effect of the gravitational
lens means that the intensity of the image is magnified. In
general the magnification is given by the ratio of the solid
angle dΩ± in presence of the lens and the solid angle dΩ0
in absence of the lens. The amplification of each image is
µ± =
∣∣∣ dΩ±dΩ0 ∣∣∣= ∣∣∣ θ±dθ±βdβ ∣∣∣. In the case of a double image from
a point source the total magnification is given by
µ = µ++µ− =
1+ 12
(
β
θE
)2
β
θE
√
1+ 14
(
β
θE
)2 . (4)
If β/θE = 1 the magnification is µ ≈ 1.3, and µ ≈ 10.0 if
β/θE = 0.1. The magnification is maximized in the limit of
perfect alignment (β/θE → 0). The observed magnification
µs of an extended sources [17] with surface brightness
profile I(β ) is given as
µs =
1∫
I(β )d2β
∫
I(β )µ(β )d2β , (5)
where µ(β ) is the magnification of a point source at position
β . For an extended source of radius Rs, the angular size is
βs = Rs/DOS. The observed magnification µs of a finite size
source for small misalignment angle βs using Equation 5 is
µs ≈ θEβs '
√
4G
c2
1
Rs
√
DLSDOS
√
M
DOL
. (6)
Both the magnification (Equation 6) and the Einstein
angle (Equation 3) are proportional to
√
M
DOL
.
It should be mentioned that the number of neutrinos
reaching the observer from distant sources scales as µ/D2OS.
The magnification gives us the possibility to observe sources
at larger distances than for unlensed sources. If Φmin is the
minimal neutrino flux detectable by the ANTARES detector
and Φ is the flux at Earth then we need at least Φ>Φmin to
detect a signal. Considering Φ=Φ0(R0/R)2 for a arbitrary
source with a flux Φ0 at a distance R0 then it follows that
R< R0
√
Φ0/Φmin. With the magnification µ(β ) the flux is
given by µ(β )Φ0 and thus the condition for a source to be
detected is R < R0
√
Φ0/Φmin
√
µ(β ) or equivalently the
emission threshold for detection is lowered.
3 Neutrino Selection
In the selection of the cosmic neutrino candidates, two kind-
s of background events are considered. First, the muons pro-
duced in the atmosphere by cosmic rays. In order to reject
them, only upgoing events are selected, since muons can-
not traverse the Earth. Still, a small fraction of downgoing
atmospheric muons (but large in number, given the fluxes
involved) produces events which are misreconstructed as
upgoing, so additional cuts in the reconstruction quality of
the events are necessary to reject these events. The second
kind of background are the atmospheric neutrinos, which
are produced also in interactions of cosmic rays in the at-
mosphere. This is a somehow irreducible background, but
which is expected to be diffuse.
The selection criteria used in this paper were optimized to
search for E−2 neutrino fluxes in the data sample taken from
29-1-2007 to 14-11-2010 extending over a livetime of 813
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days. The sample contains around 3000 neutrino candidates
with a predicted atmospheric muon neutrino purity of
around 85%. The estimated angular resolution is 0.5±0.1
degrees. In [11], the results of a search for point sources
using this sample and selection criteria were presented,
following two different strategies: an all-sky scan and a
search in the direction of 51 particularly interesting neutrino
candidate sources. No statistically significant excess was
found. The selection of those 51 sources was mainly based
on the gamma emission as observed by Fermi and HESS,
since it is expected that neutrino fluxes are proportional to
gamma fluxes.
In this paper, we study eleven additional sources where
lensing in photons has been observed. These new sources
are located behind gravitational lenses. Neutrino fluxes ar-
riving at Earth from these sources would be enhanced. Gam-
ma fluxes are also enhanced, but part of them would be ab-
sorbed by the lens itself. Therefore, even if the observed
gamma fluxes observed from these sources is moderate
compared with other sources in the list used in [11], the neu-
trino fluxes could be observable, since the proportionality
mentioned above would be higher, due to photon absorption
in the lens.
4 Potential Neutrino Lensing Systems
A list of most promising neutrino lensing systems has
been established on the basis of known systems where
lensing has been observed in photons, and where the lensed
object is a potential neutrino source. Our sample is taken
from the Fermi Survey [18], Chandra Survey [19], SDSS
Quasar Lens Search (SQLS) [20], Cosmic Lens All-Sky
Survey (CLASS) radio surveys [21] and optical CASTLES
survey [22].
The most promising neutrino lensing systems have been
selected from this sample on the basis of the following
criteria: first, the system is in the field of view of ANTARES,
second, the lensed object is a known AGN, third, the system
was detected in X-ray and/or gamma-ray observations and
fourth, if the object has not been identified as a gamma-
ray emitter, a magnification factor (as taken from [23, 24,
25, 26, 27]) larger than 20 for at least one of the images is
required.
The criteria above allow to identify nine gravitational
lenses, including four blazars and five strongly amplified
AGNs, where in general quadruples have the highest mag-
nifications. Two galaxy clusters with particularly large E-
instein angles and estimated masses were also added. The
sample covers a source redshift range, 0.6 < zs < 3.6, a
lens redshift range, 0.2 < zl < 0.9, and Einstein angle from
1 arcsecond to 53 arcseconds. These eleven structures are
listed in Table 1.
According to the unified model of AGNs, blazars are
sources with one of the jets pointing towards the Earth. The
blazar emission is predominantly of non-thermal origin,
showing a typical two-hump spectrum at radio and gamma-
ray energies. The relativistic jets from AGNs can produce
strong shocks which convert a fraction of the kinetic energy
into energy of relativistic particles. The decay products of
such particles can lead to neutrino emission [28].
The blazars PKS 1830-211 and JVAS B0218+357 are
gravitationally lensed, with double images. Both blazars are
Fermi detections with pretty bright flat spectrum. A large
absorption in the corresponding lenses has been measured
in both cases [29]. PKS 1830-211 has variable gamma
Lens name α [◦] δ [◦] Vis. zs zl θE [′′]
PKS 1830-211 278.42 -21.06 0.61 2.51 0.89 1.0
JVAS B0218+357 35.27 +35.94 0.26 0.96 0.68 0.3
B1422+231 216.16 +22.93 0.38 3.62 0.34 1.7
B1030+074 158.39 +07.19 0.46 1.54 0.60 1.7
RX J1131-1231 172.97 -12.53 0.56 0.66 0.30 3.8
SDSS 1004+4112 151.15 +41.21 0.20 1.73 0.68 16.0
SDSS 0924+0219 141.23 +02.32 0.50 1.52 0.39 1.8
RX J0911+0551 137.86 +05.85 0.46 2.80 0.77 2.5
SDSS 1029+2623 157.31 +26.39 0.35 2.20 0.55 22.5
A1689 197.89 -01.37 0.51 - 0.18 53
A370 39.96 -01.59 0.51 - 0.38 37
Table 1: List of selected gravitational lensing systems. We
list the equatorial coordinates, the ANTARES visibility,
the source redshift (if applicable), the lens redshift and
the Einstein angle. The first nine objects are gravitational
lensed quasars. PKS 1830 and B0218 are gravitationally
lensed quasars with bright flat radio spectrum and compact
jets and have gamma emission. B1422 and B1030 are
BL Lac objects. J1131, J1004, J0924 and J0911 have
quadruple images with large magnifications and with X-ray
emission. J1029 is the largest separation image quasar with
X-ray emission. The galaxy clusters A1689 and A370 are
well known gravitational lenses with large Einstein angles
and large estimated masses.
ray fluxes and shows substantial variability only above 10-
100 MeV [30]. The radio-loud blazar is at a redshift of
zs = 2.51 and is gravitationally lensed by a spiral galaxy at
zl = 0.89. The JVAS B0218+357 consists of two images
of a background blazar and an extended jet at a redshift of
zs = 0.96, while the intervening and lensing spiral galaxy
has redshift zl = 0.68. Fermi found recently that JVAS
B0218+357 had flaring states.
The objects B1422+231 and B1030+074 are both in the
Multifrequency Catalog of Blazars [31] (MGL2009) and
seem to be BL Lac objects. BL Lac is a blazar subtype with
rapid and large amplitude flux variability with jet structure.
In MGL2009 the B1422+231 blazar is categorized as a flat-
spectrum radio quasars, with an optical spectrum showing
broad emission lines and dominant blazar characteristics,
while B1030+074 is categorized as a blazar of uncertain
type. B1422+231 is a four-image quasar at redshift zs =
3.62 and lensed by a galaxy at redshift zl = 0.34, while
B1030+074 is viewed as two spot-like feature with the
source at redshift of zs = 1.54 and lens at redshift of
zl = 0.60.
We select the quadruply lensed quasars RX J1131-1231,
SDSS 1004+4112, SDSS 0924+0219 and RX J0911+0551
and we include SDSS 1029+2623 which is the quasar
with the largest known image separation. The two large
separation quasars SDSS 1004+4112 and SDSS 1029+2623
are lensed by a galaxy cluster, while the others quasars
are lensed by a galaxy. The cluster lens SDSS 1029+2623
at zl = 0.58 is the largest known image separation quasar.
It consists of three images at zs = 2.20 with a maximum
image separation of about 22.5′′. The other large image
separation quasar SDSS 1004+4112 with four images of a
quasar at zs = 1.74 is lensed by a foreground galaxy cluster
at zl = 0.68. The maximum separation between the quasar
images is approximately 16′′. RXJ1131-1231 is one of the
nearest gravitationally lensed AGN.
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Finally two well known galaxy clusters are included with-
out any known neutrino candidate source behind but partic-
ularly powerful as gravitational lenses: A1689 and A370.
Both are relative close and characterized by large Einstein
angles and estimated masses (M > 1015M). As seen in
Equation 6 the magnification is proportional to
√
M/DOL
and these two galaxy clusters have large
√
M/DOL values
from the known very massive galaxy clusters. A1689 is the
largest known gravitational lens with some 100 images of
30 multiply lensed background galaxies. The lensed galax-
ies have a wide redshift range from 1 to 5.5. This galaxy
cluster has the largest Einstein angle of all known massive
lensing clusters with an angle of 53 arcseconds [32].
5 Search for Neutrino Emission from
Gravitational Lensed Sources
The analysis has been performed using an unbinned maxi-
mum likelihood method as described in [11]. This method
uses the information of the event direction, the number of
hits produced by the track and the angular error estimate.
For each source, the position of the cluster is fixed as the
direction of the source and the likelihood function is maxi-
mized with respect to the number of signal events (ns). Af-
ter the likelihood maximization, a likelihood ratio is used as
a test statistic. The test statistic (λ ) is the ratio between the
value of the likelihood given by the maximization and the
likelihood computed for the only-background case. Before
unblinding, many pseudo-experiments are generated both
for the case of only background and for the case of back-
ground with some signal added. This allows us to build the
corresponding test statistic distributions. After unblinding,
the observed value of λobs is obtained and compared with
the λ distribution for the only-background case, which pro-
vides the p-value, i.e. the probability that the background
has produced a value of λ as large or larger than λobs. In
the absence of a significant excess of neutrinos above the
expected background, the upper limit on the neutrino flux is
obtained, based on the λ distributions generated with differ-
ent signal levels. These flux upper limits are calculated at
90% confidence level and using the approach from Feldman
& Cousins.
The results from the search for neutrino emission from
the direction of the eleven gravitationally lensed directions
are presented in Table 2. No significant excess has been
found around the direction of the gravitational lenses. The
SDSS 1004+4112 source with equatorial coordinates α =
151.15◦,δ = +41.21◦ has the highest excess,with a post-
trial p-value of 49%.
6 Summary
The search for point sources with ANTARES data corre-
sponding to the 2007-2010 period has been extended in-
cluding sources which are magnified by gravitational lenses.
These lenses enhance both the photon and neutrino fluxes
from background sources. Neutrinos, contrary to photons,
are not absorbed in the lens, so the proportionality factor
often assumed between neutrino and photon fluxes is larg-
er for these cases. In this paper the eleven most promising
gravitational lensed neutrino sources have been selected.
Nine objects are gravitational lensed quasars which are po-
tential neutrino sources according to theory. In addition we
also looked in the directions of two nearby and massive
Lens name α [◦] δ [◦] λobs ns p-value φ90%ν
SDSS 1004+4112 151.15 +41.21 0.35 0.63 0.49 15.7
RX J0911+0551 137.86 +05.85 0.09 0.41 0.63 8.6
A370 39.96 -01.59 0.02 0.18 0.73 7.6
A1689 197.89 -01.37 0.00 0.00 1.00 4.4
B1422+231 216.16 +22.93 0.00 0.00 1.00 7.0
SDSS 1029+2623 157.31 +26.39 0.00 0.00 1.00 6.6
B1030+074 158.39 +07.19 0.00 0.00 1.00 5.6
SDSS 0924+0219 141.23 +02.32 0.00 0.00 1.00 4.6
PKS 1830-211 278.42 -21.06 0.00 0.00 1.00 3.8
JVAS B0218+357 35.27 +35.94 0.00 0.00 1.00 8.2
RX J1131-1231 172.97 -12.53 0.00 0.00 1.00 4.6
Table 2: Results from the search for high-energy neutrinos
from sources behind gravitational lenses. The equatorial
coordinates, the observed test statistic value λobs, the fitted
number of signal events ns, the p-value and the 90% C.L.
upper limit on the E−2 flux in units of 10−8GeV−1cm−2s−1
are given for the eleven selected directions.
galaxy clusters with no known neutrino candidate source
behind but which offer particularly magnification factors.
A likelihood ratio method has been used to search for
clusters of events correlated with the position of these eleven
lenses. No excess of neutrino events is found at any of the
selected locations and upper limits on the neutrino flux
intensity have been given.
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Abstract: Clustering of high energy neutrino arrival directions or correlations with known astrophysical objects
would provide hints for their astrophysical origin. The two-point autocorrelation method is sensitive to a
large variety of cluster morphologies and, due to its independence from Monte Carlo simulations, provides
complementary information to searches for the astrophysical sources of high energy muon neutrinos. Using 4 years
of data from the ANTARES neutrino telescope, we present an analysis of the autocorrelation of neutrino candidate
events and cross-correlations with catalogues compiled using data of different messengers and wavelengths like
high energy gamma rays.
Keywords: neutrino astronomy, neutrino telescopes, autocorrelation, 2pt correlation
1 Introduction
The key question to resolve the long standing mystery of
the origin of cosmic rays is to locate the sources and study
the acceleration mechanisms able to produce fundamen-
tal particles with energies orders of magnitude above man-
made accelerators. Over the last years it has become more
and more obvious that multiple messengers will be needed
to achieve this task. Fundamental particle physics processes
like the production and subsequent decay of pions in inter-
actions of high energy particles predict that the acceleration
sites of high energy cosmic rays are also sources of high
energy gamma rays and neutrinos. The detection of astro-
physical neutrinos and the identification of their sources is
one of the main aims of large neutrino telescopes operat-
ed at the South Pole (IceCube), in Lake Baikal and in the
Mediterranean Sea (ANTARES).
1.1 The ANTARES neutrino telescope
Figure 1: Schematic view of the ANTARES detector.
Whereas physics data taking started already during the
deployment phase, the ANTARES detector [1] became fully
equipped and operational in 2008. The detector is composed
of 12 detection lines placed at a depth of 2475m off the
French coast near Toulon. The detector lines are about
450m long and hold a total of 885 optical modules (OMs),
17” glass spheres housing each a 10” photomultiplier tube.
The OMs look downward at 45◦ in order to optimize the
detection of upgoing, i.e. neutrino induced, tracks. The
geometry and size of the detector makes it sensitive to
neutrinos in the TeV-PeV energy range. A schematic layout
is shown in Fig. 1.
The neutrino detection relies on the emission of Cherenkov
light by high energy muons originating from charged current
neutrino interactions inside or near the instrumented volume.
All detected signals are transmitted via an optical cable
to a shore station, where a farm of CPUs filters the data
for coincident signals or hits in several adjacent OMs.
The muon direction is then determined by maximising a
likelihood which compares the times of the hits with the
expectation from the Cherenkov signal of a muon track.
1.2 Astrophysical neutrinos
Two main backgrounds for the search for astrophysical
neutrinos can be identified: downgoing atmospheric muon-
s which have been mis-reconstructed as upgoing and at-
mospheric neutrinos originating in cosmic ray induced air
showers at the opposite side of the Earth. Depending on the
requirements of the analysis both backgrounds can at least
partially be discriminated using various parameters like the
quality of the event reconstruction or an estimator for the
deposited energy [2].
In addition, analysing the reconstructed arrival directions
of the events allows to search for an excess over the uni-
form atmospheric backgrounds. Despite important efforts,
no clear signature for point-like sources of astrophysical
neutrinos has been found so far [3, 4, 5, 6, 7]. Both the dis-
tribution and morphologies of sources potentially emitting
neutrinos in the TeV energy range are yet unknown but are
possibly very inhomogeneous with most of them being lo-
cated in the Galactic disk and spatially extended (e.g. shell
type supernova remnants). It seems therefore interesting to
study the intrinsic clustering of the arrival directions of neu-
trino candidates without trying to localize the underlying
sources. In this analysis biases are naturally avoided as no
prior information about the potential sources is required.
Covering a large angular range, i.e. neutrino emission re-
gions of very different sizes, this study complements the
searches for point like sources and, if successful, would pro-
vide hints for underlying, yet unresolved, source morpholo-
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Figure 2: Left plot: Probability to detect a single point-like source as a function of its luminosity. The blue triangles denote
the standard autocorrelation method without an energy estimator. The black squares show the performance including
the dE/dX estimator [2] and the red circles denote the final method using the nHits estimator. Right plot: Cumulative
autocorrelation function of data taken with the ANTARES neutrino telescope in 2007-2010. The red markers denote the
ANTARES data and the black histogram represents the reference distribution expected for an isotropic dataset. The inset
shows an enlarged view for small angular distances.
gies and source distributions. Here we present an improved
autocorrelation method for this task.
2 Autocorrelation analysis
2.1 Method
The most commonly used method to detect intrinsic clusters
within a set of N events is the standard 2-point autocorrela-
tion distribution. It is defined as the differential distribution
of the number of observed event pairs Np in the dataset as
a function of their mutual angular distance ∆Ω. This tech-
nique has been applied to ANTARES data in [8]. Here we
extend and improve this method by using an estimator of
the event energy. To suppress statistical fluctuations that
would reduce the sensitivity of the method, we analyse the
cumulative autocorrelation distribution defined as
Np(∆Ω) =
N
∑
i=1
N
∑
j=i+1
wi j×H(∆Ωi j−∆Ω), (1)
where H is the Heaviside step function. The weights
wi j = wi ×w j are calculated using the individual event
weights wi = 1−
∫ inf
Eˆi
f (Eˆ), where f (Eˆ) is the normalized
distribution of the energy estimator Eˆ and has been derived
from Monte Carlo simulations. Higher values of the estima-
tor Eˆi mean that the event is more likely to originate from
an astrophysical neutrino flux in contrast to the atmospheric
flux that dominates at lower energies. This is represented
by a higher event weight wi. Modifying the standard auto-
correlation by these weights leads to a significant increase
of sensitivity to detect clustering of events of astrophysical
origin. This improvement is illustrated in the left plot of
Fig. 2.
2.2 Data set
The analysed data set has been recorded by the ANTARES
neutrino telescope between 2007 and 2010. The event
selection criteria have been optimized by means of Monte
Carlo simulations to yield the best average upper limit on the
neutrino flux in the search for point like sources [5]. They
contain a cut on the reconstructed zenith angle θ > 90◦, a
requirement on the reconstruction quality parameter Λ>
−5.2 as well as a cut on the estimated angular uncertainty
of the track reconstruction β < 1◦. A total of 3058 neutrino
candidates are found in 813 days of effective lifetime.
Following Eq. 1, the cumulative autocorrelation distribution
of the selected events has been determined. It is shown as
the red markers in the right plot of Fig. 2.
2.3 Reference autocorrelation distribution
To detect structures in the sky distribution of the selected
events, we need a reference autocorrelation distribution to
compare with. This reference is determined by scrambling
the data themselves, a method which allows to reduce uncer-
tainties introduced by the use of Monte Carlo simulations.
While keeping the pairs of local coordinates zenith/azimuth
in order to avoid losing information about possible correla-
tions between them, the detection time is drawn randomly
from another event within the same detector configuration
to keep track of the changing asymmetry of the detector
due to its construction and maintenance. Using all selected
events, a randomized sky map with the same coverage as
the ANTARES data is constructed.
This randomized sky is then analysed in exactly the same
way as the data to derive the autocorrelation function. The
weights are drawn randomly from distributions derived
from large statistic Monte Carlo simulations reproducing
the actual data taking conditions including for example
the time dependent background fluctuations induced by
bioluminescence. This use of simulations is necessary in
order to avoid biases induced by the limited statistics of the
data sample. The randomization process is performed about
106 times and the derived autocorrelation distributions are
averaged in order to suppress statistical fluctuations.
2.4 Comparison between data and reference
Structures in the sky distribution of our data will show up
as differences between the autocorrelation distribution of
the data and the reference distribution. The comparison
between them is performed by using the formalism intro-
duced by Li&Ma [9]. This formalism results in raw signifi-
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Figure 3: Probability for a 3 σ effect using the improved autocorrelation method exploiting the nHit energy estimator. Left
plot: Dependence on the number of sources in the visible sky. Right plot: Dependence on the extension of a single source
modelled by 2-dimensional Gaussians.
cances as a function of the cumulative angular scale. As the
comparison is performed bin-by-bin and as we scan over
different angular scales, this result has to be corrected for
the corresponding trial factor. To limit the number of trial
we scan only up to 25 deg, a scale which includes most
known extended sources and emission regions. In addition
we apply the method proposed by Finley and Westerhof-
f [10] and perform about 105 pseudo experiments in which
the autocorrelation distributions of randomized sky maps
are compared with the reference distribution. The final p-
value is calculated as the probability to obtain the same or
higher raw significance as the one found in the data.
2.5 Performance and sensitivity
The performance of the algorithm has been determined us-
ing mock data sets for which we scrambled the selected data
events as described above. While keeping the total number
of events constant we added predefined source structures
with various sizes and source luminosities taking into ac-
count the angular resolution of the detector of about 0.5 deg.
These mock data sets where then analysed in exactly the
same way as described above. Results for a single point-
like source are shown in the left plot of Fig. 2. This analysis
has been performed using two different energy estimators:
the number of hits used during the final step of the event
reconstruction as in the search for point like sources [5], as
well as a recently developed estimator exploiting the corre-
lation between the energy deposit dE/dX and the primary
energy [2]. Both provide very similar results, but, as shown
in the left plot of Fig. 2, the nHit shows a slightly better per-
formance for weak sources and has therefore been retained
for the final analysis.
Compared to a dedicated, likelihood based search for a
point like excess in the same dataset [5] the sensitivity of
the autocorrelation analysis is slightly worse for a single
source in the sky visible by ANTARES. The 2pt correlation
method requires one signal event in addition to obtain a
3 σ detection with a 50 % probability. On the other hand it
outperforms the algorithm optimized for the localization
of point-like sources as soon as several, weak sources are
available, a fact which further underlines the complemen-
tarity of the two methods. Another complementarity is its
ability to detect extended emission regions. Both cases are
shown in Fig. 3.
2.6 Results and discussion
The improved autocorrelation analysis using the nHit energy
estimator has been applied to the 3058 selected neutrino
candidate events recorded by the ANTARES neutrino tele-
scope between 2007 and 2010. The comparison of the cu-
mulative autocorrelation distribution between data and the
expectation from an isotropic distribution is shown in the
right plot of Fig. 2. The maximum deviation between the
data and the reference distribution is found for an angular s-
cale < 1.1◦. Correcting for the scanning trial factor this cor-
responds to a p-value of 9.6 % and is therefore not signifi-
cant. We conclude that the analysed dataset does not con-
tain significant clusters in addition to the 2.2 σ point-like
excess that has been detected in the dedicated search [5, 6].
3 2pt correlation with external catalogues
3.1 Introduction
No astrophysical neutrino source has been identified by
current (and past) neutrino telescopes. One way to improve
the sensitivity for these detectors is to rely on the connection
with other messengers or source scenarios. Here we present
a first search for a global correlation between neutrinos and
high energy gamma rays and with the matter distribution in
the local universe represented by the distribution of galaxies.
We extend the autocorrelation function described in Eq. 1, to
become a 2pt correlation between the N neutrino candidates
and an external data set of n objects or sources:
Np(∆Ω) =
N
∑
i=1
n
∑
j=1
wi× wˆ j×H(∆Ωi j−∆Ω), (2)
The methods for the calculation of the reference distribution
for an isotropic neutrino dataset, the comparison with
the data and the correction for trial factors with pseudo
experiments is performed in the same way as described
above.
3.2 High energy gamma rays
Data from 2 years of observation with the Fermi-LAT high
energy gamma ray satellite have been used to compile the
2FGL point source catalogue [11]. It is shown in Fig. 4,
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Figure 4: Left plot: High energy gamma ray sources given in the 2FGL catalogue from Fermi-LAT [11]. Sources with
(without) an associated counterpart are shown in black (red). The size of the circles indicate the gamma-ray flux in the
[1−100 GeV] energy range. Right plot: Galaxies within 100 Mpc as given in the GWGC catalogue [12].
where the radii of the circles represent the gamma ray flux
in the 1−100 GeV range and associated (non-associated)
sources are shown in black (red). As most of the missing
associations are due to source confusion within or near the
Galactic plane, we use the full catalogue containing 1873
gamma ray sources to correlate their positions with the
3058 selected neutrino candidates. Each 2FGL source is
weighted with its gamma ray flux [1− 100 GeV] as giv-
en in the Fermi catalogue and the ANTARES events are
weighted with the nHit energy estimator. It should be noted
that this approach does not take into account changes in the
energy spectrum that have been observed for many of the
GeV gamma ray sources. The 2pt correlation analysis did
not find any significant correlation. The minimum post-trial
p-value of 68 % has been found for angular scales smaller
than 0.6◦.
3.3 The local universe
The cosmic ray accelerators are likely correlated with the
matter distribution in the local universe. To exploit this
connection, the GWGC catalogue of 53295 galaxies within
a distance of D < 100 Mpc has been used as description of
the local matter distribution [12]. Assuming the simplest
case of equal neutrino luminosity from all galaxies, a D−2
weighting for the galaxies and the nHit neutrino weights
for the neutrino candidates have been used. Limiting the
maximum analyzed angular scale to 5 deg due to the large
number of sources, the 2pt correlation analysis found the
most significant clustering at scales smaller than 0.3 deg
with a post-trial p-value of 96 %.
4 Summary
In the search for the sources of high energy cosmic rays,
the detection of astrophysical neutrinos sources may play a
crucial role. Various experiments are currently taking data
or are in a preparatory phase to achieve this goal and the
recorded data are scrutinized in numerous ways in order
to extract a maximum of information. We presented here
a search for intrinsic clustering of data recorded with the
ANTARES neutrino telescope using an improved 2pt corre-
lation technique exploiting the energy of the neutrino can-
didates. The data do neither show evidence for deviations
from an isotropic arrival direction distribution expected for
the background of atmospheric neutrinos, nor does it corre-
late with the Fermi 2FGL gamma ray or the GWGC galaxy
catalogue.
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Abstract: ANTARES is an underwater neutrino telescope located at a depth of 2475 m off the coast of Toulon,
France. In this contribution, a search for neutrino events observed by ANTARES in coincidence with gamma-ray
bursts (GRBs) is described. The observed properties of 296 long-duration GRBs visible to ANTARES from Dec.
2007 to Dec. 2011 are used to construct neutrino-selection criteria which are optimised to discover the expected
prompt neutrino emission. In particular, the numerical ‘Neutrinos from Cosmic Accelerators’ (NeuCosmA) method
is used for the calculation of the expected neutrino fluxes. Using these predictions, a search is performed using
data from the Fermi and Swift satellites to select neutrino candidate events coincident in time and direction with
the GRBs. The result of this search is presented, and used to place limits on the predictions of neutrino production
from various GRB models.
Keywords: neutrinos, gamma-ray bursts, methods: numerical.
1 Introduction
Gamma-ray bursts (GRBs) are intense flashes of gamma
rays which are usually divided into two classes: short
(duration . 2 s) and long (duration & 2 s) bursts [1]. The
latter class has been associated with Type 1b/c supernova
events [2], and their emission is commonly treated in terms
of the ”fireball” model [3]. In this model, the gamma
rays result from a highly relativistic jet formed during
the collapse of the massive star. Shocks associated with
the jet — internal shocks, and any resulting from the jet
interacting with material previously ejected by the star
— will accelerate electrons, thus producing the observed
gamma-ray emission via the synchrotron self-Compton
process [4]. Any co-acceleration of protons in these shocks
would lead to interactions with the local photon field,
producing an accompanying neutrino flux via e.g. the decay
of charged pions [5] produced in these interactions. The
detection of a neutrino flux associated with GRBs would
thus be a clear signature of hadronic acceleration in these
sources.
In these proceedings, a search for a neutrino flux in
coincidence with GRBs is presented using data from the
ANTARES neutrino telescope taken from late 2007 to 2011.
A numerical treatment (‘NeuCosmA’) of the neutrino flux
from GRBs is used in Sec. 3 to model the predicted flux
from a sample of 296 candidate GRBs (described in Sec.
2), which indicates that the expected flux of neutrinos using
the fireball model of GRBs is not currently limited by
observations. In Sec. 4, the NeuCosmA predictions are
used to optimise the sensitivity of a neutrino-search for
each GRB individually. The results of this analysis after
unblinding are given in Sec. 5.
2 Data selection
The ANTARES underwater neutrino telescope is located at
a depth of 2475 m off the coast of Toulon, France [6, 7]. It
primarily detects charged-current (anti) muon-neutrino in-
teractions by observing the passage of the subsequent rela-
tivistic muons through the seawater near the detector. When
the resulting Cherenkov light is detected by ANTARES’
array of photo-multiplier tubes, the initial direction of the
primary neutrino can be estimated. Due to the number of
down-going muons coming from cosmic-ray interaction-
s with the atmosphere above the detector, only up-going
muons (those coming from below the local horizon) are se-
lected for analysis, and stringent quality-cuts are used to re-
ject mis-reconstructed down-going events (see e.g. Ref. [6]
for a description of this methodology). The instantaneous
sky coverage of ANTARES is therefore 2pi sr; its latitude of
43◦ thus makes it more likely to observe GRBs occurring
in the Southern Hemisphere.
For the results presented here, data primarily from Fermi
and Swift are used to select long-duration GRBs which
were visible to ANTARES from Dec. 2007 to Dec. 2011. A
complete description of the data-selection process, and the
final table of all relevant GRB parameters used to model
these events as described in Sec. 3, is given in Ref. [8].
Requiring that the detector was operating under normal
conditions for the entire burst duration leads to 296 events
located below the ANTARES horizon being chosen for this
analysis. From the observed beginning and end times of the
bursts, this amounts to a total coincidence window of 6.55
hr. The coordinates of these bursts are shown in Fig. 1.
3 The NeuCosmA model
The most commonly used method to estimate the neutrino-
emission from long-duration GRBs in the context of the
fireball model is that of Waxmann & Bahcall [9], adapt-
ed as per Guetta et al. [10] to account for individual GRB
properties. This calculation models ∆-resonance interaction-
s of Fermi-accelerated protons with the GRB photon field
— neutrinos result from the subsequent decay of charged
pions and muons. This method predicts a doubly broken
power-law spectrum for the νµ flux. The recently-published
limit by the IceCube collaboration on the νµ + ν¯µ flux from
GRBs lies significantly below the prediction from this two-
break model [11]. Accounting for the different maximum
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Figure 1: Sky distribution of the selected 296 gamma-ray
bursts in equatorial coordinates (colour indicates measured
gamma-ray fluence).
E [GeV]
310 410 510 610 710 810 910
]
-
2
 
 
[G
eV
 cm
ν
 
F
2 E
-510
-410
-310
-210
-110
]
-
2
 
 
[G
eV
 cm
ν
 
F
2 E
Figure 2: Expected νµ + ν¯µ spectra from GRB110918, us-
ing both the two-break (solid blue) and three-break (dotted
blue) treatments of the model of Guetta et al., and the Neu-
CosmA model (red).
break energies for the νµ and ν¯µ fluxes within the model of
Guetta et al. produces a combined spectrum that has three
break energies. This was the method used for the previously
published limits from ANTARES on the neutrino flux from
GRBs using 2007 data [12]. For comparison, the predic-
tions for the combined flux of νµ and ν¯µ from one GRB
(GRB110918) from both the ‘two-break’ and ‘three-break’
treatments of the Guetta model are shown in Fig. 2 as the
solid and dotted blue curves respectively. It is likely that ap-
plying the three-break treatment to the IceCube predictions
would still result in the limit lying below the expected flux.
A full account of all the physical processes relevant for
neutrino production within the fireball model requires a
detailed numerical calculation. The NeuCosmA (Neutrinos
from Cosmic Accelerators) code [13, 14] was developed
to include the full photo-hadronic cross-sections as given
by the Monte-Carlo code SOPHIA [15], the energy-losses
of secondary particles produced in such interactions, and
the effects of neutrino-mixing in the final calculation of
the expected neutrino spectrum from GRBs (among other
details). As discussed in Hu¨mmer et al. [13], the resulting
predictions for the GRB neutrino flux lie an order of
magnitude below those of the simplified Guetta model, with
the addition of a high-energy component due to K+ decays
— see e.g. Fig. 2 (red curve) for a comparison in the case
of GRB110918. It should be emphasised that predictions
from the NeuCosmA model arise simply through a more
thorough application of known physics to the same GRB
fireball model as used by previous predictions, and thus
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Figure 3: νµ + ν¯µ NeuCosmA spectra of the 296 GRBs
(thin lines) and their sum (thick line).
suffer from no more — and no less — error due e.g. to
uncertainty in GRB parameters such as the jet gamma-factor.
Therefore, we used the NeuCosmA model to estimate the
νµ and ν¯µ flux from the 296 GRBs in the chosen sample
for the purposes of optimising data-selection, as described
in the next section. The predicted spectrum from each
event, and the combined total, is shown in Fig. 3. Observe
that GRB110918 contributes approximately half the total
predicted flux in the energy-range above 1 TeV, where
ANTARES has the greatest sensitivity.
4 Search methodology
The primary criteria used to search for a neutrino flux
coming from the sample of GRBs are timing and spatial
coincidence of observed up-going muons with the gamma-
ray signal. For each GRB, only up-going muons arriving
within the observed GRB duration and with reconstructed
origin less than 10◦ from the GRB direction are considered.
For this purpose, the algorithm used in this analysis to
reconstruct the direction of observed muon tracks returns
two parameters: the Λ parameter, reflecting the quality
of the track fit (high values are better), and β , giving
the estimated uncertainty in the reconstructed direction
(low values are better). See Ref. [16] for a more detailed
description of the event-reconstruction procedure. A cut
of β < 1◦ was used as per Ref. [16], while the values of
Λcut used to select events with Λ> Λcut vary from source
to source and are optimised as follows.
To determine if an observation of neutrinos in coin-
cidence with a given GRB is significant, the ‘extended
maximum-likelihood ratio’ [17] is used to define a test-
statistic Q. This is the log-likelihood ratio of observing a
given spatial-distribution of events with an estimated num-
ber of source events nests and expected background contri-
bution µb as a function of the observed angular offsets δ
between the events and the source:
Q(nests ) = max
nˆs∈[0,ntot]
Q(nˆs) (1)
Q(nˆs) =
ntot
∑
i=1
log
nˆs ·S(δi)+µb ·B(δi)
µb ·B(δi) − (nˆs+µb)
where nests is chosen as the value of nˆs which maximises Q.
Here, S(δi) and B(δi) represent the likelihoods of event i
(with reconstructed direction δi degrees from the GRB di-
rection) being of signal (GRB) and background (atmospher-
40
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Figure 4: Point-spread function S(δ ) (red), νµ and ν¯µ
events (black), and shower events (green) for the GRB
11091889 with Λcut =−5.5.
ic cosmic ray) origin respectively. S is thus the ANTARES
point-spread function (PSF) in the direction of the GRB,
and S(δi) takes a separate value for each of the ntot events
passing the selection criteria. From hereon, ‘Q’ will be used
as shorthand for ‘Q(nests )’. The distributions S and B are
themselves functions of cuts on the Λ parameter used to
discriminate signal from background; their determination is
described below.
4.1 Signal simulation and background
estimation
In order to determine S, each GRB is simulated using 4 ·109
incident νµ and ν¯µ sampled from the spectrum from the
NeuCosmA model using the standard ANTARES Monte-
Carlo simulation chain [16]. A preliminary simulation of
150 neutral-current ‘shower’ events from neutrinos of all
flavours (Fig. 4, green points) demonstrates that, using
methods currently available, their reconstructed directions
correlate poorly with their arrival directions, and thus these
events are not used in the fit to S. For each simulated event,
δ is the angular offset between the reconstructed direction
and the source direction. The distribution S(δ ) (the point-
spread function) is modelled for each possible cut value
Λcut. The fitted function used for S(δ ) is given in Eq. 2:
S(δ ) ≡ dN(δ )
dΩ
(2)
log10 S =

C1 δ ≤ δ0
C1−C2
(
1− e−
(logδ−logδ0)2
2σ2
)
δ > δ0
where C1, C2, δ0 and σ are fitted parameters. An example
of this fit, which is performed for each combination of GRB
and Λcut value, is given in Fig. 4. The grey vertical line
gives the median value δ¯ .
The distribution of background events B is taken to be
constant over the narrow time-windows and small regions of
sky about each GRB. The expected number of background
events µb is taken from data, and is calculated as per Eq. 3:
µb = 1.5Tsrt¯(Ω)
(
1+
r90Ω¯ (t)
r¯
)
(3)
Here, Ts is the duration of the search-time window, r¯ is
the long-term all-sky mean background rate, r90Ω¯ (t) is the
90% upper limit on the observed all-sky background rate
around the time t of the GRB, and rt¯(Ω) is the long-term
background rate observed in the direction of the GRB in
Q
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Figure 5: Probability distributions of Q-values hns(Q)
for (left to right) ns = 0,1,2,3 . . . for GRB110918 and
Λcut = −5.5; µb = 3.7 ·10−4. Grey vertical lines indicate
the threshold values Qthreshp for different levels (3σ , 4σ , 5σ )
of significance after accounting for a trial factor of 296
as calculated from h0(Q). The three distinct components
h0(Q) (black) are due to the random number of background
events nb (Poisson mean µs) taking values 0, 1, and 2.
detector-coordinates Ω. The extra factor of 1.5 is included
to ensure that all observed rates are below the estimates, i.e.
under the conservative assumption that all fluctuations are
real rather than statistical [8].
4.2 Threshold calculation and MDP
optimisation
The test-statistic Q (Eq. 1) is defined such that high values
are evidence against the background-only (null) hypothesis
— i.e. evidence for a neutrino signal from GRBs. The
significance of an observation Qobs is characterised by
the p-value, defined as the probability of observing a Q-
value Q > Qobs in the case of background only. In general,
for any true number of signal events ns (as opposed to
the estimate nests ) and expected number of background
events µb, Q has the distribution hns(Q). The distributions
hns(Q) are calculated using ‘pseudo-experiments’. Firstly,
nb background events are Poisson-sampled from the mean
µb. Then, for these and the ns signal events, random values
of δ according to the distributions S and B are generated.
Since an accurate determination of h0(Q) is critical for
determining the discovery threshold Qthresh, 1010 pseudo-
experiments are used to estimate each h0(Q), 105 are used
for hns>0(Q), yielding enough statistics for the optimisation
procedure.
Given h0(Q), the critical threshold value of Qthresh re-
quired for a discovery can then be calculated from a re-
quired value of p via:∫ ∞
Qthreshp
h0(Q)dQ = p. (4)
A global probability of 2.7 · 10−3 (3σ ) is chosen for the
optimisation — this corresponds to p = 2.7 ·10−3/296 =
9.1 ·10−6 per source. After defining Qthresh, the probability
to discover a model predicting an expected source flux of
µs events (from which ns are actually observed, according
to Poisson statistics) is given by the ‘model discovery
potential’ MDP:
41
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MDP =
∞
∑
i=0
P(Q > Qthresh|ns)P(ns|µs)
=
∞
∑
ns=0
∫ ∞
Qthreshp
hns(Q)dQ ·
µnss e−µs
ns!
. (5)
The value of Λcut chosen for each source is thus that which
maximises the MDP. Applying this procedure, a set of Λcut,
Qthresh, S, B, and µb are determined for all 296 sources.
Table 1 gives the expected source and background counts,
and the cut parameters, for the ten most-promising GRBs. In
total, 0.06 signal events are expected from the NeuCosmA
model, and 0.5 from the Guetta model, against a background
of 0.05 events.
GRB† Λcut µb µNCAs δ¯ (◦) Ts(s)
110918 -5.5 3.7·10−4 3.5·10−2 0.32 73.4
080607 -5.4 5.5·10−4 6.5·10−3 0.33 164.3
111008 -5.5 3.6·10−4 2.2·10−3 0.35 75.4
101014 -5.1 4.1·10−4 1.2·10−3 0.89 723.1
100728 -5.6 2.0·10−4 9.6·10−4 0.49 268.6
090201 -5.4 5.4·10−4 7.0·10−4 0.39 126.6
111220 -5.2 1.4·10−4 6.2·10−4 1.13 66.5
090829 -5.4 1.7·10−4 3.9·10−4 1.02 112.1
110622 -5.4 1.7·10−4 4.3·10−4 1.42 116.6
081009 -5.5 1.3·10−4 3.5·10−4 0.94 70.2
All GRBs 5.1·10−2 6.1·10−2 23500
Table 1: Sample parameters (see text) of the ten GRBs with
the highest discovery probabilities as estimated from the
NeuCosmA (‘NCA’) model, and the total (where relevant)
over all 296 GRBs.
5 Results
With search parameters defined as in Sec. 4, the data from
Dec. 2007 to Dec. 2011 were unblinded and analysed for
evidence of a neutrino signal correlating with the 296 GRBs
in the data-sample. No events passing quality cuts are found
within the specified time-intervals and 10◦ search windows.
Hence, all Q-values are zero, and we find no evidence for
a neutrino signal from any of the analysed GRBs. A 90%
confidence limit on the total flux of neutrinos from all GRBs
predicted by each of the NeuCosmA and Guetta models is
then placed by scaling the flux predictions to obtain µs = 2.3
(since, from Poisson statistics, P(ns > 0|µs = 2.3) = 0.9).
The resulting limits on both the NeuCosmA and Guetta
(two-break) fluxes are shown in Fig. 6 (red and blue dotted
lines). Neither prediction is constrained by the observations
presented here, with the predictions for the NeuCosmA flux
lying a factor of 38 below the limit. While this analysis
improves the previous limit set by ANTARES [12], which
used a smaller sample of 40 GRBs and the three-break
treatment of the Guetta model, the IceCube limit [11] (set
using the two-break Guetta model) is not improved-upon
due to the larger effective volume of the IceCube detector.
Note that both the relative sensitivities to particular GRBs,
and the GRB samples used, in these previous searches differ
significantly from those presented here, which is particularly
relevant given the importance of individual bright events
such as GRB110918. We have also shown that the more
detailed calculation of the expected neutrino flux from long-
duration GRBs using NeuCosmA indicates that current
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Figure 6: Comparison of 90% confidence limits (dashed)
with expected fluxes (solid) for the summed νµ+ ν¯µ spectra
of the 296 GRBs used in this analysis, using the NeuCosmA
(red) and ‘two-break’ Guetta (blue) models. Limits from
a previous IceCube (black dashed) and ANTARES (grey
dash-dotted) are also shown for comparison.
limits on neutrino emission from GRBs are completely
consistent with expectations.
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Abstract: The ANTARES telescope is well suited to detect neutrinos produced in astrophysical transient sources
as it can observe a full hemisphere of the sky at all the times with a duty cycle close to unity. Potential sources
include gamma-ray bursts (GRBs), core collapse supernovae (SNe), and flaring active galactic nuclei (AGNs). To
enhance the sensitivity of ANTARES to such sources, a new detection method based on coincident observations
of neutrinos and optical signals has been developed. A fast online muon track reconstruction is used to trigger
a network of small automatic optical telescopes. Such alerts are generated twices per month for special events
such as two or more neutrinos, coincident in time and direction, or single neutrinos of very high energy or in
the specific directions of local galaxies. Alert triggers are followed by the TAROT, ROTSE and ZADKO optical
telescopes and by the SWIFT/XRT telescopes. Results on the optical images analysis to search for GRB in the
prompt images and core collapse SNe will be presented.
Keywords: high energy neutrino, GRB, optical follow-up.
1 Introduction
Detection of high-energy neutrinos from an astronomical
source would be a direct evidence of the presence of hadron-
ic acceleration and provide important information on the
origin of the high-energy cosmic rays. Transient astronomi-
cal phenomena, such as Gamma-Ray Bursts (GRB) [1] and
core collapse supernovae (ccSNe) [2], offer very promising
perspectives for the detection of cosmic neutrinos as, due
to their short duration, the background from atmospheric
neutrinos and muons is strongly reduced. As neutrino tele-
scopes observe a full hemisphere of the sky (even the whole
sky if down-going events are considered) at all times, they
are particularly well suited for the detection of transient
phenomena.
To improve the detection sensibility to transient sources,
a multi-wavelength follow-up program, TAToO, operates
within the ANTARES Collaboration since 2009 [3]. This
method, earlier proposed in [4], is based on the optical
follow-up of selected neutrino events very shortly after their
detection by the ANTARES neutrino telescope. ANTARES
is able to send alerts within one minute after the neutrino
detection and with a precision of the reconstructed direction
better than 0.5 degres at high-energy (E > 1 1TeV ). The op-
tical follow-up is performed by the TAROT [5] and ROTSE-
III [6] telescopes. Since February 2009 to December 2012,
83 alerts have been sent, all of them triggered by the two
single neutrino selection criteria. After a commissioning
phase in 2009, more than 80 % of the alerts had an optical
follow-up. The main advantage of this program is that no
hypothesis is required on the nature of the source, only that
it produces neutrino and photons.
In this paper, the first results on the analysis of the early
follow-up images associated to eight TAToO alerts are
presented. A brief description of the ANTARES experiment
and the alert system are summarized in section 2 and
3 respectively. The observation strategy and the optical
data analysis are described in section 4 and 5 respectively.
Finally, section 6 outlines the results of this search.
2 The ANTARES experiment
The ANTARES experiment [7] aims at searching for neutri-
nos of astrophysical origin by detecting high-energy muon-
s (≥100 GeV) induced by their neutrino charged current
interaction in the vicinity of the detector. Due to the very
large background from down-going cosmic ray induced
muons, the detector is optimized for the detection of up-
going neutrino induced muon tracks.
The ANTARES detector is located in the Mediterranean
Sea, 40 km from the coast of Toulon, France, at a depth of
2475 m. It is a tridimensional array of photomultiplier tubes
(PMTs) arranged on 12 slender detection lines, anchored to
the sea bed and kept taught by a buoy at the top. Each line
comprises up to 25 storeys of triplets of optical modules
(OMs), each housing a single 10” PMT. Since lines are sub-
ject to the sea current and can change shape and orientation,
a positioning system comprising hydrophones and compass-
tiltmeters is used to monitor the detector geometry. PMT
signals are digitized offshore and time-stamped using an ex-
ternal GPS signal giving the absolute timing at the location
of the detector, allowing an absolute time accuracy better
than 1 µs. The onshore data acquisition system collects the
data from all the individual PMTs of the detector and pass-
es them to the filtering algorithms based on local “clusters”
which search for a collection of signals compatible with a
muon track crossing the detector. All hits within a few mi-
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croseconds around these clusters define an “event” and are
kept for further online and offline reconstructions. Events
are typically available less than one minute after the cross-
ing of the detector by a high-energy muon. The ANTARES
neutrino telescope is fully operational since May 2008[8].
3 ANTARES neutrino alerts
The criteria for the TAToO trigger are based on the features
of the neutrino signal produced by the expected sources.
Several models predict the production of high energy neu-
trinos greater than 1 TeV from GRBs [1] and from Core
Collapse Supernovae [2]. Under certain conditions, multi-
plet of neutrinos can be expected [9]. A basic requirement
for the coincident observation of a neutrino and an optical
counterpart is that the pointing accuracy of the neutrino
telescope should be at least comparable to the field of view
of the TAROT and ROTSE telescopes (≈ 2◦×2◦).
Atmospheric muons, whose abundance at the ANTARES
detector [10] is roughly six orders of magnitude larger than
the one of muons induced by atmospheric neutrinos, are the
main background for the alerts and have to be efficiently
suppressed. Among the surviving events, neutrino candi-
dates with an increased probability to be of cosmic origin
are selected [11].
To select the events which might trigger an alert, a fast
and robust algorithm is used to reconstruct the calibrated
data. This algorithm uses an idealized detector geometry
and is independent of the dynamical positioning calibration.
A detailed description of this algorithm and its performances
can be found in [12]. This reconstruction allows to reduce
the rate of events from few Hz down to few mHz. This
algorithm is then coupled to a more precise reconstruction
tool [13] which allows to confirm the neutrino nature of
the event and to improve the angular resolution. With this
system, ANTARES is able to send alerts in few seconds
(≈ 3−5 s) after the detection of the neutrinos.
Three online neutrino trigger criteria are currently imple-
mented in the TAToO alert system [15]:
• the detection of at least two neutrino-induced muons
coming from similar directions (< 3o) within a pre-
defined time window (< 15min);
• the detection of a single high-energy neutrino induced
muon.
• the detection of a single neutrino induced muon for
which the direction points toward a local galaxy.
The main performance of these three triggers are de-
scribed in table 1. For the highest energy events, the angu-
lar resolution gets down to less than 0.3o (median value).
Figure 1 shows the estimate of the point spread function for
a typical high energy neutrino alert.
4 Observation strategy of the robotical
telescopes
ANTARES is organizing a follow-up program in collab-
oration with the TAROT and ROTSE telescopes. The
TAROT [5] network is composed of two 25 cm optical
robotic telescopes located at Calern (France) and La Silla
(Chile). The ROTSE [6] network is composed of four 45 cm
optical robotic telescopes located at Coonabarabran (Aus-
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Figure 1: Bi-dimensional angular resolution. The black
square corresponds to the TAROT telescope field of view
(≈ 2◦×2◦).
tralia), Fort Davis (USA), Windhoek (Namibia) and An-
talya (Turkey). The main advantages of these instruments
are the large field of view of about 2 x 2 square degrees
and their very fast positioning time (less than 10s). These
telescopes are perfectly tailored for such a program. Thanks
to the location of the ANTARES telescope in the Northern
hemisphere (42.79 degrees latitude), all the six telescopes
are used for the optical follow-up program. Depending on
the neutrino trigger settings, the alert are sent at a rate of
about twice per month. With the current settings, the con-
nected telescopes can start taking images with a latency of
the order of ≈ 20 s with respect to the neutrino event (T0)
including the telescope slewing.
As already mentionned, this method is sensitive to all
transient sources producing high energy neutrinos. For ex-
ample, a GRB afterglow requires a very fast observation
strategy in contrary to a core collapse supernovae for which
the optical signal will appear several days after the neutrino
signal. To be sensitive to all these astrophysical sources,
the observational strategy is composed of a real time obser-
vation followed by few observations during the following
month. For the prompt observation, 6 images with an expo-
sure of 3 minutes and 30 images with an exposure of 1 min
are taken respectively by the first available TAROT and
ROTSE telescopes. The integrated time has been defined
in order to reach an average magnitude of about 19. For
each delayed observation, six images are taken at T0+1,+2,
+3, +4, +5, +6, +7, +9, +15, +27, +45, +60 days after the
trigger for TAROT (8 images for ROTSE the same days
plus T0+16 and T0+28 days). Since one year, the follow-
up has been extended to the 1 m ZADKO telescope [16]
located in Australia with the same observational strategy as
the one used for TAROT.
5 Optical image analysis
Once the images are taken, they are automatically dark
subtracted and flat-fielded at the telescope site. Once the
data is copied from the telescopes, an offline analysis is
performed combining the images from all sites. This off-
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Table 1: Performances of the three alert criteria. The third column corresponds to the fraction of events inside a 2◦×2◦
field of view assuming a flux of GRB [1] and ccSNe [2].
Trigger Angular Resoltion (median) Fraction of events in fov Muon contamination Mean energy
Doublet ≤ 0.7o 0 % 1˜00 GeV
single HE 0.25-0.3o 96 % (GRB) 68 % (SN) < 0.1 % 7˜ TeV
single directional 0.3-0.4o 90 % (GRB) 50 % (SN) 2˜ % 1˜ TeV
line program is composed of three main steps: astrometric
and photometric calibration, subtraction of each image and
a reference one and light curve determination for each
variable candidates.
Curently, two offline analysis pipelines are used: the
ROTSE automated pipeline [17] and one specially adapted
to the TAROT and ROTSE image quality based on the Polo-
ka [18] program originally developped for the supernovae
search in the SuperNova Legacy Survey (SNLS) project.
Cases like variable PSF due to the atmospheric conditions
or the lower quality images on the CCD edges have to be
optimized in order not to loose any optical information. The
choice of the reference is based on quality criteria such as
the limiting magnitude and the seeing (i.e. mean size of
the stars in the image). For the GRB search, the reference
is picked among the follow-up observations (few days af-
ter the alert) where no GRB signal is expected anymore.
For SNe search, the reference is either the first observation
night or an additional image taken few months later to have
a better quality in absence of a SN signal. It is also planned
that the image analysis step will be included at the end of
the automatic detection chain.The photometry is done us-
ing [19].
6 Results
This paper presents the analysis of the data taking from
01/01/2010 to 31/12/2012. ANTARES was running in a
reduced configuration (10-11 lines) up to November 2010
and in the full configuration (12 lines) from this date. During
this period, the efficiency of the ANTARES data taking was
around 80 % which includes periods of maintenance and
calibration of the detector.
During this period a total of 83 alerts were successfully
sent to the telescopes, 65 of which benefit from at least 3
observations. For the remaining 18 alerts were not followed
because of the telescope maintenance or due to the Sun
position too close to the alert direction. Only 12 alerts had a
good quality follow-up within less than one day (i.e. prompt
follow-up). The lack of prompt observations is due to the
telescopes observing efficiency upon the reception of the
alert.
The two optical image analysis pipeline have been ap-
plied to these twelve alerts from which optical images have
been recorded during the first 24 hours after the neutrino
alert sending. The minimum delay between the neutrino
detection and the first image is around 20 s. No object has
been found for which the light curve is compatible with a
fast time decreasing signal.
The limitation is most probably due to the sensitivity
of the telescope and atmospheric conditions during the
observation, which reduce the limiting magnitude. We
define the limiting magnitude as the mean value of sources
extracted at a Signal-to-Noise Ratio (SNR) of 5. Table 2
shows the obtained limits along with the delay of the first
image acquisition with respect to the neutrino detection. The
limiting magnitude is further reduced when the direction is
close to the galactic plane, which causes magnitudes to be
dimmer and redder than they are (i.e., galactic extinction).
7 Conclusion
The method used by the ANTARES collaboration to im-
plement the search for coincidence between high energy
neutrinos and transient sources followed by small robotic
telescopes has been presented. Of particular importance for
this alert system are the ability to reconstruct online the
neutrino direction and to efficiently reject the background.
With the described ANTARES alert sending capability, the
connected optical telescopes can start taking images with a
latency of the order of≈ 20 s. The precision of the direction
of the alert is better than 0.5 degres.
The alert system is operational since February 2009, and
as of December 2012, 83 alerts have been sent, all of them
triggered by the two single neutrino criteria. No doublet
trigger has been recorded yet. After a commissioning phase
in 2009, almost all alerts had an optical follow-up since
2010, and the live time of the system over this year is strictly
equal to the one of the ANTARES telescope, 70-80%. These
numbers are consistent with the expected trigger rate, after
accounting for the duty cycle of the neutrino telescope. The
image analysis of the ’prompt’ images has not permitted yet
to discover any transient sources associated to the selected
high energy neutrinos, in particular no GRB afterglow. The
analysis of the rest of the images to look for the light curve
of a core collapse SNe is still on-going.
The optical follow-up of neutrino events significantly
improves the perspective for the detection of transient
sources. A confirmation by an optical telescope of a neutrino
alert will not only provide information on the nature of the
source but also improve the precision of the source direction
determination in order to trigger other observatories (for
example very large telescopes for redshift measurement).
The program for the follow-up of ANTARES neutrino
events is already operational with the TAROT, ROTSE
and ZADKO telescopes. This technique has been recently
extended to the follow-up in X-ray with the Swift/XRT
telescope to further improve the sensitivity to fast transient
sources, like GRBs.
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Table 2: Magnitude limits in R-band (5σ threshold) for the neutrino alerts. The second column indicates the time delay
between the first image and the neutrino detection. An estimate of the Galactic extinction is indicated.
Alert Time delay Limiting magnitude Galactic extinction
(days) (R mag) (R mag)
ANT100123 0.64 12.0 0.2
ANT100302 1.01 15.7 0.2
ANT100725 8.7e-4 14.5 0.3
ANT100922 4.7e-2 14.0 0.5
ANT101211 0.50 15.1 0.1
ANT110409 3.0e-3 18.1 6.7
ANT110529 5.2e-3 15.6 1.2
ANT110613 7.8e-4 17.0 2.3
ANT120730 2.4e-4 17.6 0.4
ANT120907 2.9e-4 16.9 0.2
ANT121010 2.8e-4 18.6 0.1
ANT121206 3.1 e-4 16.9 1.3
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Abstract: The ANTARES telescope is well suited to detect neutrinos produced in astrophysical transient sources
as it can observe a full hemisphere of the sky at all the times with a duty cycle close to unity. The background
and point-source sensitivity can be drastically reduced by selecting a narrow time window around the assumed
neutrino production period. Radio-loud active galactic nuclei with their jets pointing almost directly towards the
observer, the so-called blazars, are particularly attractive potential neutrino point sources, since they are among
the most likely sources of the observed ultra high energy cosmic rays and therefore, neutrinos and gamma-rays
may be produced in hadronic interactions with the surrounding medium. The gamma-ray light curves of blazars
measured by the LAT instrument on-board the Fermi satellite reveal important time variability information. A
strong correlation between the gamma-ray and the neutrino fluxes is expected in this scenario.
An unbinned method based on the minimization of a likelihood ratio was applied to a subsample data collected
between 2008 and 2011. By looking for neutrinos detected in the high state period of the AGN light curve, the
sensitivity to these sources has been improved by a factor 2-3 with respect to a standard time-integrated point
source search. The assumed neutrino time distribution is directly extracted from the gamma-ray light curve. The
typical width for a flare ranges from 1 to 100 days depending on the source. The results of this analysis are
presented.
Keywords: ANTARES, Neutrino astronomy, Fermi transient sources, time-dependant search, blazars
1 Introduction
The production of high-energy neutrinos has been proposed
for several kinds of astrophysical sources, such as active
galactic nuclei, gamma-ray bursters, supernova remnants
and microquasars, in which the acceleration of hadrons
may occur. Neutrinos are unique messengers to study the
high-energy universe as there are neutral and stable, interact
weakly and travel directly from their point of creation in
the source without absorption. Neutrinos could play an
important role in understanding the mechanisms of cosmic
ray acceleration and their detection from a source would be
a direct evidence of the presence of hadronic acceleration
in that source.
Radio-loud active galactic nuclei with their jets pointing
almost directly towards the observer, the so-called blazars,
are particularly attractive potential neutrino point sources,
since they are among the most likely sources of the observed
ultra high energy cosmic rays and therefore, neutrinos and
gamma-rays may be produced in hadronic interactions with
the surrounding medium [1]. The gamma-ray light curves of
blazars measured by the LAT instrument on-board the Fermi
satellite reveal important time variability information on
timescale of hours to several weeks, with intensities always
several times larger than the typical flux of the source in its
quiescent state [2]. A strong correlation between the gamma-
ray and the neutrino fluxes is expected in this scenario.
In this paper, the results of the time-dependent search for
cosmic neutrino sources in the sky visible to the ANTARES
telescope using data taken from 2008 to 2011 are present-
ed. This analysis is the extension of a previous ANTARES
analysis [7] using only the last four months of 2008. The
data sample used in this analysis is described in Section
2, together with a discussion on the systematic uncertain-
ties. The point source search algorithm used in this time-
dependent analysis is explained in Section 3. The results are
presented in Section 4 for a search on a list of ten selected
candidate sources.
2 ANTARES
The ANTARES collaboration has completed the construc-
tion of a neutrino telescope in the Mediterranean Sea with
the connection of its twelfth detector line in May of 2008 [3].
The telescope is located 40 km on the southern coast of
France (42o48’N, 6o10’E) at a depth of 2475 m. It compris-
es a three-dimensional array of photomultipliers housed in
glass spheres (optical modules), distributed along twelve
slender lines anchored at the sea bottom and kept taut by
a buoy at the top. Each line comprises up to 25 storeys of
triplets of optical modules (OMs), each housing a single
10” PMT. Since lines are subject to the sea current and can
change shape and orientation, a positioning system compris-
ing hydrophones and compass-tiltmeters is used to monitor
the detector geometry. The main goal of the experiment is
to search for neutrinos of astrophysical origin by detecting
high energy muons (>100 GeV) induced by their neutri-
no charged current interaction in the vicinity of the detec-
tor [4].
The arrival time and intensity of the Cherenkov light on
the OMs are digitized into hits and transmitted to shore,
where events containing muons are separated from the
optical backgrounds due to natural radioactive decays and
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bioluminescence, and stored on disk. A detailed description
of the detector and the data acquisition is given in [3] [5].
The arrival times of the hits are calibrated as described
in [6]. The online event selection identifies triplets of
OMs that detect multiple photons. At least 5 of these are
required throughout the detector, with the relative photon
arrival times being compatible with the light coming from a
relativistic particle. Independently, events were also selected
which exhibit multiple photons on two sets of adjacent, or
next to adjacent floors.
The data used in this analysis corresponds to the peri-
od from September 6th, 2008 up to December 31st, 2011
(54720-55926 modified Julian day), taken with the full de-
tector. Some filtering has been applied in order to exclude
periods in which the bioluminescence-induced optical back-
ground was high. The resulting effective lifetime is 750
days. Atmospheric neutrinos are the main source of back-
ground in the search for astrophysical neutrinos. These neu-
trinos are produced from the interaction of cosmic rays in
the Earth’s atmosphere. Only charged current interactions
of neutrinos and antineutrinos were considered. An addi-
tional source of background is due to the mis-reconstructed
atmospheric muons. The track reconstruction algorithm de-
rives the muon track parameters that maximize a likelihood
function built from the difference between the expected and
the measured arrival time of the hits from the Cherenkov
photons emitted along the muon track. This maximization
takes into account the Cherenkov photons that scatter in
the water and the additional photons that are generated by
secondary particles (e.g. electromagnetic showers created
along the muon trajectory). The algorithm used is outlined
in [8]. The value of the log-likelihood per degree of freedom
(Λ) from the track reconstruction fit is a measure of the track
fit quality and is used to reject badly reconstructed events,
such as atmospheric muons that are mis-reconstructed as
upgoing tracks. Neutrino events are selected by requiring
that tracks are reconstructed as upgoing and have a good
reconstruction quality. In addition, the error estimate on the
reconstructed muon track direction obtained from the fit is
required to be less than 1o. This additional cut allows to
further reduce the bad-reconstructed muon contamination.
The angular resolution can not be determined directly in
the data and has to be estimated from simulation. However,
the comparison of the data and MonteCarlo simulations
from which the time accuracy of the hits has been degraded
has yielded to a constrain on the uncertainty of the angular
resolution of the order of 0.1o [10]. Figure 1 shows the
cumulative distribution of the angular difference between
the reconstructed muon direction and the neutrino direction
with an assumed spectrum proportional to E−2ν , where Eν is
the neutrino energy. For this period, the median resolution
is estimated to be 0.4 +/- 0.1 degree.
3 Time-dependent search algorithm
This time dependent point source analysis is performed us-
ing an unbinned method based on a likelihood ratio maxi-
mization. The data is parameterized as a two components
mixture of signal and background. The signal and the back-
ground are described by two probability distribution func-
tion (PDF), Si and Bi respectively. These PDF are described
by the product of three components: one for the direction,
one for the energy and one for the timing. The signal PDF
is:
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Figure 1: Cummulative distribution of the angle between
the true Monte Carlo neutrino direction and the reconstruct-
ed muon direction for E−2 upgoing neutrino events selected
for this analysis.
Si = S
space
i (Ψi(αs,δs)).S
energy
i (Nhiti)S
time
i (1)
where Sspacei is a parametrization of the point spread func-
tion, i.e., the probability density function of reconstruction
an event i at an angular distance Ψi from the true source
location (αs,δs).The energy PDF is pararametrized based
on the distribution of the number of hits, Nhiti, of an event
according to an energy spectrum of E−2. The shape of the
time PDF, Stimei , for the signal event is extracted directly
from the gamma-ray light curve assuming the proportion-
ality between the gamma-ray and the neutrino fluxes. A
possible lag up to +/- 5 days has been introduced in the
Likelihood to test this proportionality.
The background PDF is:
Bi = B
space
i (αi,δi).B
energy
i (Nhiti)B
time
i (2)
The directional PDF Bspacei , the energy PDF B
energy
i and
the time PDF Btimei for the background are derived from the
data using respectively the observed declination distribu-
tion of selected events in the sample, the distribution of the
number of hits and the observed time distribution of all the
reconstructed muons. Figure 2 shows the time distribution
of all the reconstructed events. Once normalized, the distri-
bution is used directly as the time PDF for the background.
Null values indicate the absence of data taken during these
periods (ie detector in maintenance) or data with a very
poor quality (high bioluminescence or bad calibration).
MJD time
54800 55000 55200 55400 55600 55800
N
um
be
r o
f e
ve
nt
s 
pe
r d
ay
 (a
.u.
)
-410
-310
Figure 2: Time distribution of the well reconstructed events.
The goal is to determine, at a given point in the sky and
at a given time, the relative contribution of each component
and to calculate the probability to have a signal above a
given background model. This is done via the test statistic,
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λ , which is the ratio of the probability density for the
hypothesis of background and signal (Hsig+bkg) over the
probability density of only background (Hbkg):
λ =
N
∑
i=1
log
P(xi|Hsig+bkg(nsig))
P(xi|Hbkg) (3)
where nsig and N are respectively the unknown number
of signal events and the total number of events in the
considered data sample.
The null hypothesis is given by nsig = 0. The obtained
value of λdata on the data is then compared to the distribu-
tion of λ given the null hypothesis. Large values of λdata
compared to the distribution of λ for the background only
reject the null hypothesis with a confident level equal to the
fraction of the scrambled trials above λdata. This fraction
of trials above λdata is referred to as the p-value. The dis-
covery potential is then defined as the average number of
signal events required to achieve a p-value lower than 5σ in
50 % of trials. Figure 3 shows the average number of events
required for a 5σ discovery (50 % C.L.) for a single source
located at a declination of -40o as a function of the total
width of the flare periods. These numbers are compared
to the one obtained without using the timing information.
Using the timing information yields an improvement of the
discovery potential of a factor 2-3 with respect to a standard
time-integrated point source search [10]. Moreover, adding
the energy information yields an additional improvement of
about 25 %.
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Figure 3: Average number of events required for a 5σ
discovery (50 % C.L.) for a source located at a declination
of -40o as a function of the width of the flare period. These
numbers are compared to the one obtained without using the
timing information (flat dashed lines).These distributions
are computed with (red) and without (green) using the
energy information in the likelihood.
4 Search for neutrino emission from
gamma-ray flare
This time-dependent analysis has been applied to bright and
variable Fermi blazar sources reported in the second year
Fermi LAT catalogue [11] and in the LBAS catalogue (LAT
Bright AGN sample [12]). The sources located in the part
of the sky visible by ANTARES (δ<35o) from which the
flux is greater than 10−9 photons.cm−2.s−1 above 1 GeV, a
detection significance T S > 25 in the studied time period
and with a significant time variability are selected. This list
is completed by adding sources reported as flaring in the
Fermi Flare advocates in 2011 [13]). This list includes a
total of 136 sources.
The light curves are produced using the Fermi Public
Release Pass 7 data using the diffuse class event selection
and the Fermi Science Tools v9r23p1 package [14]. Light
curves are computed from the photon counting in a two
degrees cone around the studied source direction corrected
by the total exposure. This light curve corresponds to the
one-day binned time evolution of the average gamma-ray
flux above a threshold of 100 MeV from August 2008
to December 2011. Finally, a maximum likelihood block
(MLB) algorithm is used to denoise the lightcurve by
iterating over the data points to select periods from which
data are consistent with a constant flux taking into account
statistical errors.
The high state periods are defined using a simple and
robust method. After the determination of the value of the
steady state, a fixed threshold on the gamma-ray flux is
applied to select the high state period (5 sigma above the
steady state). Finally, an additional delay of 0.5 day is added
before and after the flare in order to take into account that
the precise time of the flare is not known (1-day binned
LC). With this definition, a flare has a width of at least two
days. Figure 4 shows the time distribution of the Fermi LAT
gamma-ray light curve of 4C+21.35 for the studied and the
determined high state periods (blue histogram). With the hy-
pothesis that the neutrino emission follows the gamma-ray
emission, the signal time PDF is simply the normalized de-
noised light curve. The final list includes 40 bright and vari-
able Fermi blazars, 32 Flat Spectrum Radio Quasars, 6 BL-
Lacs and 2 unknowned identifications. The list is composed
by PKS1510-089, 3C279, PKS1502+106, PKS2326-502,
3C273, AO0235+164, PKS0426-380, 4C+28.07, PKS0454-
234, PKS1329-049, PKS0537-441, 4C+14.23, PMNJ 0531-
4827, PKS0402-362, PKS1124-186, Ton 599, PKS2142-75,
PKS0208-512, PKS0235-618, PKS1830-211, PKS2023-
07, PKSB1424-418, PMNJ2345-1555, OJ 287, PKS0440-
00, PKS0250-225, B22308+34, B21520+31, PKS1730-
13, PKS0301-243, PKS0405-385, CTA 102, OG 050,
PMNJ2331-2148, TXS0506+056, PKS2320-035, PKS0521-
36 and PKS2227-08. The selected periods are mostly dom-
inated by three main sources: 3C354.3, 4C +21.35 and
PKS1510-089.
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Figure 4: Gamma-ray light curve (black dots) of the blazar
4C+21.35 measured by the LAT instrument onboard the
Fermi satellite above 100 MeV for more than 3.5 years of
data. The green line shows the denoise light curve while the
red histogram displays the selected high state periods.
The results of these searches are summarized in the ta-
ble 1. Only for six sources (3C279, 3C454.3, 4C+21.35,
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Figure 5: Gamma-ray light curve (black dots) of the blazar
3C279 measured by the LAT instrument above 100 MeV.
The green and yellow histogram show the denoise light
curve and the selected flare periods respectively. The red
and blue lines display the time of the two ANTARES events
associated with the source and all the events in a two degres
box around the source position.
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Figure 6: Event map around the direction of 3C279 indicat-
ed by the green cross with two events compatible in time
and direction (red dots). The blue empty dots represent the
direction of all the selected events outside the flaring peri-
ods.
PKS1830-211, PKS1124-186 and CTA 102), a neutrino sig-
nal has been found in coincidence. The lower p-value is
obtained for the source 3C279 where two events are coin-
cident with a gamma-ray flare detected by the Fermi/LAT.
The pre-trial p-value is 0.17 %. Figure 5 and 6 show respec-
tively the time distribution of the Fermi gamma-ray light
curve of 3C279 with the time of the coincident neutrino
events and the angular distribution of the events around the
position of this source. The post-trial probability computed
taking into account the forty searches is 9.9 % and thus is
compatible with background fluctuations.
5 Summary
This paper discusses the extended time-dependent search
for cosmic neutrinos using the data taken with the full 12
lines ANTARES detector between 2008 and 2011. Time-
dependent searches are significantly more sensitive than
standard point-source searches to variable sources thanks
to the large reduction of the background of atmospheric
Table 1: Results of the search of neutrino coincidences with
Fermi blazars. The second column indicates the total se-
lected flare duration for each source. The third and fourth
column show the number of fitted signal events with the
likelihood and the corresponding pre-trial probability re-
spectively.
Source Flares (days) Fitted signal p-value
3C279 279 1.08 0.2 %
PKS1124-186 73 1.04 1.1 %
PKS1830-211 63 0.93 1.4 %
3C454.3 830 0.77 3.5 %
4C21.35 515 0.73 3.7 %
CTA 102 16 0.62 4.6 %
muons and neutrinos over short time scales. This search
has been applied to 40 very bright and variable Fermi LAT
blazars. The most significant corelation was found with a
flare of the blazar 3C279 for which two neutrino events
were detected in time/direction coincidence with the famma-
ray emmission. The post-trial probability is about 10 %.
Upper-limits were then obtained on the neutrino fluence for
the selected sources.
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Abstract: Cataclysmic cosmic events can be plausible sources of both gravitational waves (GW) and high energy
neutrinos (HEN). Both GW and HEN are alternative cosmic messengers that may traverse very dense media and
travel unaffected over cosmological distances, carrying information from the innermost regions of the astrophysical
engines. Such messengers could also reveal new, hidden sources that have not been observed by conventional
photon astronomy. The ANTARES Neutrino Telescope can determine accurately the time and direction of HEN
events, and the VIRGO/LIGO network of GW interferometers can provide timing/directional information for
GW bursts. Combining these informations obtained from totally independent detectors provide a novel way of
constraining the processes at play in the sources, and also help confirming the astrophysical origin of a HEN/GW
signal in case of concomitant observation.
This contribution describes the first joint GW+HEN search performed using concomitant data taken with the
ANTARES, VIRGO and LIGO detectors in 2007, during the VIRGO VSR1 and LIGO S5 science runs, while
ANTARES was operating in a 5-line configuration, approximately half of its final size. No coincident GW/HEN
event was observed, which allowed for the first time to place upper limits on the density of joint GW+HEN
emitters, which can be compared to the densities of mergers and core-collapse events in the local universe. More
stringent limits will be soon available by performing a new and optimized search, described in this contribution,
using the data of the full ANTARES telescope in 2009-2010, concomittant with the S6 LIGO science run and
VSR2-3 VIRGO science runs, where all the involved interferometers took data with improved sensitivities.
Keywords: high energy neutrinos, gravitational wave bursts, multi-messenger astronomy
1 Introduction
A new generation of detectors offer unprecedented oppor-
tunities to observe the universe through all kind of cos-
mic radiations. In particular, both high-energy (TeV) neu-
trinos (HEN) and gravitational waves (GW), which have
not yet been directly observed from astrophysical sources,
are considered as promising tools for the development of a
multi-messenger astronomy (see e.g. [1] for a recent review
of HEN-related searches). Both HEN and GW can escape
from the core of the sources and travel over large distances
through magnetic fields and matter without being altered.
They are therefore expected to provide important informa-
tion about the processes taking place in the core of the pro-
duction sites and they could even reveal the existence of
sources opaque to hadrons and photons, that would have
remained undetected so far. The detection of coincident sig-
nals in both these channels would then be a landmark event
and sign the first observational evidence that GW and HEN
originate from a common source. The most plausible astro-
physical emitters of GW+HEN are presented in Section 2.
The concomitant operation of GW and HEN detectors
is summarized in the time chart of Fig. 1. Section 3 briefly
describes the detection principles and the performances
achieved by the ANTARES neutrino telescope [2] as well
as by the GW interferometers VIRGO [3] and LIGO [4],
that are currently part of this joint search program. As both
types of detectors have completely independant sources
of backgrounds, the correlation between HEN and GW
significances can also be exploited to enhance the sensitivity
of the joint channel, even in the absence of detection. The
combined false alarm rate is indeed severely reduced by
the requirement of space-time consistency between both
channels. In Sections 4 and 5, the strategies being developed
for joint GW+HEN searches between ANTARES and the
network of GW interferometers using the currently available
datasets are presented. The results of the first GWHEN
search have recently been published [5].
Figure 1: Time chart of the data-taking periods for the
ANTARES, VIRGO and LIGO experiments, indicating the
respective upgrades of the detectors (as described in the
text). The deployment of the KM3NeT neutrino telescope
is expected to last three to four years, during which the
detector will be taking data with an increasing number of
PMTs before reaching its final configuration [6].
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2 Joint GW-HEN astrophysical emitters
Potential sources of GWs and HENs are likely to be very
energetic and to exhibit bursting activity. The most promis-
ing class of known extragalactic bursting sources are sure-
ly Gamma-Ray Bursts (GRBs), most frequent and better
modelled - for details on these sources and other possible
emitters, refer to [5]. In the prompt and afterglow phases,
HEN (105−1010 GeV) are expected to be produced by ac-
celerated protons in relativistic shocks and several models
predict detectable fluxes in km3-scale detectors [7, 8, 9],
although no evidence for GRB neutrinos has been observed
yet by IceCube 40 [10]. While gamma-ray and HEN emis-
sion from GRBs are related to the mechanisms driving the
relativistic outflow, GW emissions are closely connected to
the central engine and hence to the GRB progenitor. Short-
hard GRBs are thought to originate from coalescing bina-
ries involving black holes and/or neutron stars; such merger-
s could emit GW detectable from relatively large distances,
with significant associated HEN fluxes [11, 12]. Long-soft
GRBs are most probably induced by ”collapsars”, i.e. col-
lapses of massive stars into black holes, with the formation
of an accretion disk and a jet that emerges from the stel-
lar envelope [13]. Low-luminosity GRBs, with γ-ray lumi-
nosities a few orders of magnitude smaller, are believed to o-
riginate from particularly energetic Type Ib/c core-collapse
supernovae. They could produce stronger GW signals to-
gether with significant high- and low-energy neutrino emis-
sion; moreover they are more frequent than typical long
GRBs and often discovered at shorter distances [14]. Final-
ly, choked GRBs are thought to be associated with super-
novae driven by mildly relativistic, baryon-rich and optical-
ly thick jets, so that no γ-rays escape [15]. Such “hidden
sources” could be among the most promising emitters of
GW and HEN, as current estimates predict a relatively high
occurrence rate in the volume probed by current GW and
HEN detectors [16].
3 Detectors and concomittant data taking
The ANTARES detector [2] is the first undersea neutrino tele-
scope; its deployment at a depth of 2475m in the Mediter-
ranean Sea near Toulon was completed in May 2008 [17]. It
consists in a three-dimensional array of 885 photomultiplier
tubes (PMTs) distributed on 12 lines anchored to the sea
bed and connected to the shore through an electro-optical
cable. Before reaching this final (12L) setup, ANTARES has
been operating in various configurations with increasing
number of lines, from one to five (5L) and ten (10L) lines.
ANTARES detects the Cherenkov radiation emitted by
charged leptons (mainly muons, but also electrons and
taus) induced by cosmic neutrino interactions with matter
inside or near the instrumented volume. The knowledge
of the timing and amplitude of the light pulses recorded
by the PMTs allows to reconstruct the trajectory of the
muon and to infer the arrival direction of the incident
neutrino. The current reconstruction algorithms achieve an
angular resolution (defined as the median angle between
the neutrino and the reconstructed muon) of about 0.4◦ for
neutrinos above 10 TeV [18]. The design of ANTARES is
optimized for the detection of up-going muons produced
by neutrinos which have traversed the Earth and interacted
near the detector; its field of view is ∼ 2pi sr for neutrino
energies between 100 GeV and 100 TeV. Above this energy,
the sky coverage is reduced because of neutrino absorption
in the Earth; but it can be partially recovered by looking
for horizontal and downward-going neutrinos, which can
be more easily identified at these high energies where the
background of atmospheric muons and neutrinos is fainter.
ANTARES, especially suited for the search of astrophysical
point sources, and transients in particular [19], is intended
as the first step towards a km3-sized neutrino telescope in
the Mediterranean Sea [6].
The GW detectors VIRGO [3], with one site in Italy, and
LIGO (see e.g. [4]), with two sites in the United States,
are Michelson-type laser interferometers. They consist of
two light storage arms enclosed in vacuum tubes oriented
at 90◦ from each other, able to detect the differential strain
in space produced by the GW. Suspended, highly reflective
mirrors play the role of test masses. Current detectors are
sensitive to relative displacements of the order of 10−20 to
10−22 Hz−1/2. Their detection horizon is about 15 Mpc for
standard binary sources.
The first concomitant data-taking phase with the whole
VIRGO/LIGO network VSR1/S5 was carried out in 2007,
while ANTARES was operating in 5L configuration (see
Fig. 1). A second data-taking phase was conducted be-
tween mid-2009 and end 2010 with upgraded detectors,
S6/VSR2 and VSR3, in coincidence with the operation
of ANTARES 12L (see section 5). Another major upgrade
for both classes of detectors is scheduled for the upcom-
ing decade: the Advanced VIRGO/Advanced LIGO and
KM3NET projects should gain a factor of 10 in sensitivi-
ties with respect to the presently operating instruments. The
VIRGO/LIGO network monitors a good fraction of the sky
in common with ANTARES: the instantaneous overlap of
visibility maps is about 4 sr, or ∼ 30% of the sky [20].
4 First joint GW+HEN search
GW interferometers and HEN telescopes share the chal-
lenge to look for faint and rare signals on top of abundant
noise or background events. Preliminary studies on the fea-
sibility of such searches [20, 21] indicated that, even if the
constituent observatories provide several triggers a day, the
false alarm rate for the combined detector network can be
kept at a very low level (e.g. ∼1/600 yr−1 in [21]).
4.1 Coincidence Time Window
An important ingredient of these searches is the definition
of an appropriate coincidence time window between HEN
and GW signals hypothetically arriving from the same as-
trophysical source. A case study that considered the dura-
tion of different emission processes in long GRBs, based
on BATSE, Swift and Fermi observations, allowed to derive
a conservative upper bound tGW − tHEN ∈ [−500s,+500s]
on this time window [22]. For short GRBs, this time-delay
could be as small as a few seconds. For other sources, this
delay is poorly constrained.
4.2 Analysis Strategy
The strategy chosen for the 2007 search consists in an event-
per-event search for a GW signal correlating in space and
time with a given HEN event considered as an external
trigger. Such a search is rather straightforward to implement
as it allows to make use of existing analysis pipelines
developed e.g. for GRB searches. It has been applied to
the concomitant set of data taken between January 27 and
September 30, 2007 with ANTARES 5L-VSR1/S5. Such a
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triggered GW search has been proven to be more efficient
than a classical all-sky analysis, because of the knowledge
of the direction and time of arrival of the signal. More
details on this analysis can be found in [5].
The ANTARES 5L data were filtered according to
quality requirements similar to those selecting the well-
reconstructed events that are used for the standalone search-
es for HEN point sources. The list of candidate HEN in-
cludes their arrival time, direction on the sky, and an event-
by-event estimation of the angular accuracy, which serves
to define the angular search window for the GW search.
For the purpose of this joint search, the angular accuracy
is defined as the 90% quantile (and not the median) of the
distribution of the error on the reconstructed neutrino di-
rection, obtained from Monte Carlo studies. The on-source
time window defined in Section 4.1.
The list of HEN triggers is then transmitted to the X-
pipeline, an algorithm which performs coherent searches
for unmodelled bursts of GWs on the combined stream of
data coming from all active interferometers (ITFs). The
background estimation and the optimization of the selection
strategy are performed using time-shifted data from the off-
source region in order to avoid contamination by a potential
GW signal. Once the search parameters are tuned, the
analysis is applied to the on-source data set. If a coincident
event is found, its significance is obtained by comparing to
the distribution of accidental events obtained with Monte-
Carlo simulations using time-shifted data streams from the
off-source region ; this is particularly efficient to look for
strong signals but one can also look for an accumulation of
weakest signals, by performing a dedicated statistical test,
as will be shown later.
4.3 HEN events and error box for GW search
The HEN candidates have been selected using the BBFit
reconstruction [5]. A total of 414 events, among which
198 reconstructed with 2 lines, with 2 azimuthal possible
solutions, and 18 more energetic events reconstructed with
more than 2 lines (with a unique solution), were selected.
Finally, when taking into account the fact that 2 or more
ITFs are needed in order to reconstruct a possible GW
arrival direction on the sky, 144 2-line events and 14 3-line
events were analyzed for a possible GW counterpart.
The angular accuracy with which the HEN arrival direc-
tion is reconstruted depends on the energy of the event and
its direction. The space-angle error distribution between the
true neutrino direction and the reconstructed muon direction
has been parametrized using a log-normal law in intervals
of declination and energy. The parameters of the function
has been used in the GW analysis to estimate the consisten-
cy of a reconstructed signal with the HEN arrival direction.
This is the 90% quantile of this distribution which is used
as a angular window for the GW search, seen in Figure 2.
4.4 Results of the GW search
A low-frequency search, with a cut-off frequency at 500 Hz,
was performed for all the HEN events. An additional high-
frequency search up to 2kHz, more time-consuming, was
performed for the 3 line events, more energetic and more
likely to be of astrophysical origin.
No GW candidate was observed. This allowed to extract
GW exclusion distances for typical signal scenarios. For
binary merger signals, expected in the case of short GRBs,
the null observation means that no merger of this type
has occured within ∼ 10 Mpc. The exclusion distances
Figure 2: Space angle error between the true neutrino
direction and the reconstructed muon direction, together
with the log-normal parametrization.
obtained are similar for collapse-like signals, which are to
be expected in the case of long GRBs for instance.
A binomial test has been performed to look for an
accumulation of weak GW signals. Its results are negative
for both the low and high frequency searches - the post-trial
significance of the largest deviation from the null hypothesis
is 66%.
4.5 Astrophysical interpretation of the search
The non-observation of a GW+HEN coincidence during
the ∼ 100 days of concomittant data taking allows to set
that the actual number of coincidences verified NGWHEN =
ρGWHENVGWHENTobs ≤ 2.3 at the 90% confidence level.
Here ρGWHEN is the density of objects aimed at with the
present analysis, typically the collapse or coalescence of
compacts stars, GW emitters, followed by a jet, in which
HEN are produced, in the local universe. This is a novel
way to test the non-constrained gravitational origin of
astrophysical jets formation.
VGWHEN is the effective volume of universe probed by
the search, which depends on the horizon of the involved
experiments for typical signals. The GW horizon has been
estimated to be ∼ 10 Mpc for mergers, and ∼ 20 Mpc for
collapses. The HEN horizons are weaker for the ANTARES 5
line detector, of the order of 5 Mpc for mergers (computed
using typical short GRB models), and 10 Mpc for long
GRBs. The variation of the detection efficiencies of both
experiments with distance have to be taken into account to
have a realistic estimate of the effective volume.
Converting the null observation into a density yields
a limit ranging from 10−2 Mpc−3.yr−1 for short GRB-
like signals down to 10−3 Mpc−3.yr−1 for long GRB-like
emissions. The comparisons with existing estimates of
occurence rates for short/long GRBs or other objects of
interest is made in Figure 3.
5 Joint Analysis using 2009-2010 data
Data taken with the 9-12 lines ANTARES detector in 2009-
2010, concomitant with the VIRGO VSR2 and LIGO S6
joint runs, with GW upgraded detectors, yield 129 days of
joint operations to be analyzed. A new HEN reconstruc-
tion algorithm has been used to reduce the HEN angular
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Figure 3: GWHEN 2007 astrophysical limits are compared
with local short/long GRB rates, merger rates, and SN II
and SN Ib/c rates. Also shown are the potential reach of
ongoing or future analyses.
error [18]. A different GW software [23] has also been de-
veloped specifically for this search to perform joint simula-
tions - a necessary step to optmize the joint analysis. The
need for such an optimization can be understood with the
following arguments, already discussed in [20] : the false-
coincidence rate of the GW+HEN search indeed depends
on the individual false-alarm rates fHEN and fGW. For in-
stance, if fHEN is high, because of loose selection cuts to
obtain a high HEN detection efficiency, fGW has to be re-
duced to conserve the same significance in case of a detec-
tion, reducing the joint GWHEN detection figure of merit
defined as :
ηGWHEN =
εHEN
ρGW
(1)
Here εHEN represents the HEN efficiency, which depend-
s on the selection cuts, and ρGW stands for the threshold
signal-to-noise ratio in the GW detection process. Recipro-
cally, if the HEN selection criteria are too tight, resulting
in a low number of selected HEN events, the HEN detec-
tion horizon is dramatically reduced, resulting in a smaller
ηGWHEN, even if the GW search is more powerful because
of the lower allowed thresholds. Of course, this optimiza-
tion depends on the, e.g., HEN spectrum index, and the G-
W assumed signals. This optimization has been performed
to find the optimal HEN selection cuts. Figure 4 shows a
summary of the differences between this new ANTARES-
VIRGO/LIGO search with respect to the one presented in
Section 4.
According to preliminary estimates, the enhanced sen-
sitivity of the GW interferometers, combined with the in-
creased joint live time and the improvement of a factor 3 in
the ANTARES effective area above 100 TeV should result in
an increase by a factor 5 of the volume of universe probed
by the joint search : this ongoing search could be able to
constrain for the first time the fraction of star collapses fol-
lowed by the ejection of a hadronic jet.
Figure 4: Strategy of the 2009-2010 ANTARES-
VIRGO/LIGO joint search compared to the 2007 analysis.
A new HEN reconstruction method has been used, with
improved angular resolution, and a new GW software,
suited for joint simulations, has been developed for the
search.
6 Conclusions
These pioneering GW+HEN searches, developed in [5] and
[24], opens the way towards a new multi-messenger astron-
omy. Beyond the benefit of a potential high-confidence dis-
covery, future analyses, particularly the one involving a
km3 HEN telescope [6] and advanced interferometers [25],
could be able to constrain the density of joint sources down
to astrophysically-meaningful levels - hence contrain for
the first time the fraction of binary mergers followed by the
emission of a relativistic jet.
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Abstract: The results of a search for high-energy neutrinos coming from the direction of the Sun using the data
recorded by the ANTARES neutrino telescope during 2007 and 2008 are presented. The number of neutrinos
observed is found to be compatible with background expectations and upper limits for the spin-dependent and
spin-independent WIMP-proton cross-sections are derived and compared to predictions of the CMSSM. These
limits are comparable to those obtained by other neutrino telescopes and are more stringent than those obtained
by direct search experiments for the spin-dependent WIMP-proton cross-section assuming the self-annihilation
proceeds through hard channels, i.e. via W+W− and τ+τ−.
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1 Introduction
The existence of dark matter, i.e. non-baryonic matter that
does not interact electromagnetically, has been educed from
a variety of gravitational effects. The rotation curves of
galaxies and galaxy clusters and the observations of weak
lensing point to the existence of dark matter. It is also re-
quired to understand the features of the cosmic microwave
background and the large scale structure formation within
our present accepted models of the evolution of the Uni-
verse [1].
One hypothesis is that dark matter is formed by weak-
ly interacting massive particles (WIMPs), candidates for
which are copiously provided by different extensions of the
Standard Model, in particular those based on Supersymme-
try (SUSY). Within SUSY models the lightest neutralino is
one of the favoured candidates for dark matter WIMP.
WIMPs can be captured in massive astrophysical objects,
like the Sun, where they can self-annihilate giving rise to
high-energy neutrinos. Neutrino telescopes are well suited
to look for such a signal coming from sources like the Sun
or the centre of the Galaxy. This type of indirect search
complements direct searches and has a variety of advantages
compared to others. For the case of the Sun, for instance,
such a WIMPigenic neutrino flux depends only mildly on
the WIMP velocity distribution. On the other hand, it has
a strong dependence on the WIMP-proton cross-section,
in particular the part that involves spin, making it very
sensitive to this important magnitude. Moreover, unlike
other indirect searches (e.g. using gamma-rays or positrons)
a signal would be very clean, since it is very difficult to
imagine astrophysical processes that would produce high-
energy neutrinos coming from the Sun and those which are
possible can only yield negligible fluxes.
2 ANTARES
ANTARES is an undersea neutrino telescope located
in the Mediterranean Sea, 40 km offshore from Toulon
(France) [2]. The telescope consists of 12 detection lines
anchored to the seabed at 2475 m depth. Each line has 25
storeys. A standard storey includes three optical modules
(OMs) [3] each housing a 10-inch photomultiplier [4] and
a local control module that contains the electronics [5, 6].
The OMs are directed 45◦ downwards so as to optimise
their acceptance to upgoing light and to avoid the effect of
sedimentation and biofouling [7]. The length of a line is
450 m and the horizontal distance between neighbouring
lines is 60-75 m. In one of the lines, the upper storeys put
up a test system for acoustic neutrino detection [8]. Oth-
er acoustic devices are installed in an additional line that
contains instrumentation aimed at measuring environmen-
tal parameters [9]. The location of the active components
of the lines is known better than 10 cm by a combination
of tiltmeters and compasses in each storey and a series of
acoustic transceivers in certain storeys along the line and
surrounding the telescope [10]. A common time reference
is maintained in the full detector by means of a 25 MHz
clock signal broadcast from shore. The time offsets of the
individual optical modules are determined in dedicated cali-
bration facilities onshore and regularly monitored in situ,
and corrected if needed, by means of optical beacons dis-
tributed throughout the lines and which emit short light
pulses through the water [11]. This allows to reach a sub-
nanosecond accuracy on the relative timing [12].
The first 5 lines of the detector were operational in 2007
and the full detector with 12 lines was completed in May
2008.
3 Event selection
The search presented here uses the data taken during 2007
and 2008 by the ANTARES neutrino telescope. Good
detector and environmental conditions, in particular a low
level of bioluminescent light, are required for a run to be
kept for further analysis. For that period, a total of 2693
runs are found to have the appropiate conditions. This
corresponds to a livetime of 134.6, 38.0, 39.0 and 83.0 days
for the periods in which the dectector consisted of 5, 9, 10
and 12 lines, respectively.
The muon tracks are reconstructed from the position and
time of the hits of the Cherenkov photons in the OMs. The
reconstruction algorithm is based on the minimisation of
a χ2-like quality parameter, Q, which uses the difference
between the expected and measured times of the detected
photons plus a correction term that takes into account
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Figure 1: Number of events as a function of the quality
parameter of the track fit, Q. The blue and red dashed lines
correspond to the atmospheric neutrino and muon events,
respectively, according to simulation, and the black crosses
are the 2007-2008 data.
the effect of light absorption [13]. The distribution of the
number of events as a function of this quality parameter, Q,
shows a good agreement between data and simulated events,
as can be seen in figure 1. The angular resolution provided
by this algorithm for upgoing neutrinos depends on the
configuration of the detector and of the neutrino energy. In
figure 2, the angular resolution for upgoing neutrinos as a
function of the neutrino energy is shown for the different
detector configurations.
The fit of the muon track is required to use a number
of hits greater than five in at least two lines. This yields
a non-degenerate 5-parameter fit that provides a good
angular resolution. Only events that go upwards, according
to the fitted angle, are kept in order to reject most of the
atmospheric muon background. The quality parameter of
the track, Q, and its angular distance to the Sun, Ψ, are then
used to further reduce the background. They are chosen
so as to optimise the model rejection factor [14]. For each
WIMP mass and each annihilation channel, the selected
values, Qcut and Ψcut, are specifically those that minimise
the average 90% confidence level (CL) upper limit on the
νµ + ν¯µ flux, Φνµ+ν¯µ , defined as:
Φνµ+ν¯µ =
µ¯90%
∑
i
A¯ieff(MWIMP)×Tieff
, (1)
where the index i denotes the periods with different detector
configurations (5, 9, 10 and 12 detection lines), µ¯90% is
the average upper limit of the background at 90% CL
computed using a Poisson distribution with the Feldman-
Cousins prescription [15], Tieff is the livetime for each
detector configuration and A¯ieff(MWIMP) is the effective area
averaged over the neutrino energy.
To perform this optimisation, simulated events both for
the signal and the background were generated. Downgoing
atmospheric muons were simulated using Corsika [16] and
upgoing atmospheric neutrinos using the Bartol flux [17]. A
possible background coming from the interaction of cosmic
rays with the Sun’s corona was neglected, since it was found
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Figure 2: Angular resolution for upgoing neutrinos for the
detector configuration with 5 (black), 9 (green) and 10 and
12 (red) lines. The black dashed line is the resolution due
solely to the angle between the muon and the neutrino at
the interaction vertex.
to be less than 0.4% of the total atmospheric background in
the Sun’s direction.
The signal was simulated assuming that the high-energy
neutrinos from the Sun were produced by the annihilation
of neutralinos. The flux of neutrinos as a function of their
energy arriving at the Earth’s surface from the Sun’s core
was computed using the software package WimpSim [18]
without assuming any concrete model. The neutrinos re-
sulting from the neutralino self-annihilation channels to qq¯,
ll¯, W+W−, ZZ, Higgs doublets φφ ∗ and νν¯ were simulat-
ed for 17 different WIMP masses ranging from 10 GeV to
10 TeV. Three main self-annihilation channels were chosen
as benchmarks for the lightest neutralino, χ˜01 , namely: a soft
neutrino channel, χ˜01 χ˜
0
1 → bb¯, and two hard neutrino chan-
nels, χ˜01 χ˜
0
1 →W+W− and χ˜01 χ˜01 → τ+τ−. A 100% branch-
ing ratio was assumed for all of them in order to explore
the widest theoretical parameter space. Oscillations among
the three neutrino flavours (both in the Sun and during their
flight to Earth) were taken into account, as well as ν absorp-
tion and τ lepton regeneration in the Sun’s medium.
The optimisation procedure gave a stable value of 1.4
for Qcut, independently of the cut on the angle to the Sun’s
direction. The optimised values for the latter, Ψcut, were
typically between 3.5◦ and 5.5◦. The extreme upper and
lower values for this cut, namely 8.4◦ and 3.2◦, occurred,
respectively, for low mass in the soft-channel (MWIMP=
50 GeV and bb¯) and for high masses in the hard channels
(MWIMP > 1 TeV and W+W−, τ+τ−), as expected.
4 Results
After unblinding, a total of 27 events are found within a
20◦ angular separation from the Sun’s direction. In figure 3
the distribution of the angular distance for the selected
event tracks is shown. The triangles are the data with the
one sigma statistical uncertainty and the straight line is the
expected background obtained scrambling the data in right
ascension. No significant excess is found.
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Figure 3: Number of events as a function of the angle
between the track and the Sun’s direction. The straight line
is the expected background as obtained scrambling real data.
The triangles are the data.
Using the values for the cuts obtained in the optimisation
procedure, 90% CL limits on the νµ+ ν¯µ flux, Φνµ+ν¯µ , can
be extracted from the data according to Equation 1, where
now µ90% is not the average but the actual 90% CL limit
on the number of observed events. The limits on the muon
flux are calculated using a conversion factor between the
neutrino and the muon fluxes computed using the package
DarkSUSY [19]. Figure 4 shows the 90% CL muon flux
limits, Φµ , for the channels bb¯, W+W− and τ+τ−. The
latest results from Baksan [20], Super-Kamiokande [21]
and IceCube-79 [22] are also shown for comparison.
CMSSM Parameter Range
50 GeV< m0 < 4 TeV
500 GeV< m1/2 < 2.5 TeV
5 < tanβ < 62
−5 TeV< A0 < 5 TeV
sgn(µ)> 0
Table 1: Range of parameters scanned for the CMSSM
model. m0 and m1/2 are the common scalar and gaugino
masses, respectively; tanβ is the ratio of vevs of the Higgs
field; A0 is the common trilinear coupling and sgn(µ) the
sign of the Higgs mixing.
Limits on the spin-dependent (SD) and spin-independent
(SI) WIMP-proton scattering cross-sections –when one or
the other is dominant– can also be obtained. To this end, the
following assumptions are made. First, equilibrium between
the WIMP capture and self-annihilation rates in the Sun
is assumed. Secondly, the Sun is considered to be free in
the galactic halo. Thirdly, a local dark matter density of 0.3
GeV cm−3 and a Maxwellian velocity distribution of the
WIMP with a dispersion of 270 km s−1 are used. Finally, it
is assumed that no additional dark matter disk that could
enhance the local dark matter density exists.
The 90% CL limits for the SD, σp,SD, and SI, σp,SI,
WIMP-proton cross-sections extracted from the self-
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Figure 4: 90% CL upper limit on the muon flux as a func-
tion of the WIMP mass for the neutralino self-annihilation
channels to bb¯ (green), W+W− (blue) and τ+τ− (red). The
results from Baksan 1978−2009 [20] (dash-dotted lines),
Super-Kamiokande 1996− 2008 [21] (dotted lines) and
IceCube-79 2010−2011 [22] (dashed lines) are also shown.
annihilation channels to bb¯, W+W− and τ+τ− are present-
ed in Figure 5. Systematic uncertainties were included
in the evaluation of the limits following the approach de-
scribed in reference [27]. The total systematic uncertainty
on the detector efficiency is around 20% and comes es-
sentially from the uncertainties on the average quantum
efficiency and the angular acceptance of the PMTs and the
sea water absorption length (a 10% uncertainty for each
one). This systematic uncertainty worsens the upper limit
between 3% and 6%, depending on the WIMP mass.
Also shown in Figure 5 are the latest results from Bak-
san [20], Super-Kamiokande [21] and IceCube-79 [22] as
well as the limits from the direct search experiments SIM-
PLE [23], COUPP [24] and XENON100 [25].
The allowed values from the CMSSM model according
to the results from an adaptative grid scan performed with
DarkSUSY are also shown. The parameters of this model
are moved within the ranges indicated in Table 1. All
the limits are computed with a muon energy threshold
at Eµ = 1 GeV. The shaded regions show a grid scan of
the model parameter space taking into account the latest
constraints for various observables from accelerator-based
experiments and in particular the results on the Higgs boson
mass from ATLAS and CMS, Mh = 125±2 GeV [26]. A
relatively loose constraint on the neutralino relic density
0 < ΩCDMh2 < 0.1232 is used to take into account the
possible existence of other types of dark matter particles.
Since the capture rate of WIMPs in the core of the Sun
depends very much on the SD WIMP-proton cross-section,
the neutrino flux coming from WIMP annihilation strongly
depends on it. This makes this type of indirect search very
competitive for this magnitude. This is not the case for the
SI WIMP-proton cross-section, where the limits coming
from direct search experiments like XENON100 are better
thanks to the composition of their target materials.
5 Conclusions
An indirect search for dark matter towards the Sun has been
carried out using the first two years of data recorded by
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Figure 5: 90% CL upper limits on the SD and SI WIMP-
proton cross-sections (upper and lower plots, respective-
ly) as a function of the WIMP mass, for the three self-
annihilation channels: bb¯ (green), W+W− (blue) and τ+τ−
(red), for ANTARES 2007-2008 (solid lines) compared to
the results of other indirect search experiments: Baksan
1978−2009 [20] (dash-dotted lines), Super-Kamiokande
1996− 2008 [21] (dotted lines) and IceCube-79 2010−
2011 [22] (dashed lines) and the result of the most strin-
gent direct search experiments (black): SIMPLE 2004−
2011 [23] (short dot-dashed line in upper plot), COUPP
2010−2011 [24] (long dot-dashed line in upper plot) and
XENON100 2011−2012 [25] (dashed line in lower plot).
The results of a grid scan of the CMSSM are included (grey
shaded areas) for the sake of comparison.
the ANTARES neutrino telescope. The number of neutrino
events coming from the Sun’s direction is compatible with
the expectation from the atmospheric backgrounds. The
derived limits are comparable to those obtained by other
neutrino observatories and are more stringent than those ob-
tained by direct search experiments for the spin-dependent
WIMP-proton cross-section. The present ANTARES lim-
its start to constraint the parameter space of the CMSSM
model.
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13 - Measurement of Velocity of Light in Deep Sea Water at the Site of ANTARES
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Abstract: The ANTARES experiment is currently the largest underwater neutrino telescope and is taking high
quality date since 2007. Sea water is used as the detection medium of the Cherenkov light emitted by relativistic
charged particles resulting from the interaction of neutrinos. The particle trajectory is reconstructed from the
measured arrival times of the detected photons. The propagation of Cherenkov light depends on the optical
properties of the sea water and their understanding is crucial to reach the optimal performance of the detector. The
group velocity depends on the wavelength of the photons and this is usually referred to as chromatic dispersion.
This group velocity of light has been measured at eight different wavelengths between 385 nm and 532 nm in the
Mediterranean Sea at a depth of about 2 km with the ANTARES optical beacon systems. A parametrization of the
dependence of the velocity of light on wavelength based on the salinity, pressure and temperature of the sea water
at the ANTARES site is in good agreement with these measurements.
Keywords: ANTARES, neutrino telescope, group velocity of light, refractive index
1 Introduction
The ANTARES neutrino telescope is located at the bottom
of the Mediterranean Sea at a depth of 2475 m, roughly
40 km offshore from Toulon in France. Sea water is used
as the detection medium of the Cherenkov light emitted by
relativistic charged particles resulting from the interaction
of neutrinos around the detector. The particle direction
is reconstructed from the measured arrival times of the
detected photons through a three dimensional array of 885
photomultiplier tubes (PMTs) arranged in twelve vertical
lines. Along each line with a vertical separation of 14.5 m,
three PMTs are oriented with their axis pointing downward
at an angle of 45o with respect to the vertical line direction.
The horizontal separation between lines is about 70 m.
Further details can be found in [1].
Charged particles crossing sea water induce the emission
of Cherenkov light whenever the condition β > 1/np is ful-
filled. β is the speed of the particle in sea water with respect
to the speed of light in vacuum and np is the phase refrac-
tive index, i.e. the ratio between the phase speed of light in
the water and that in vacuum. The Cherenkov photons are
emitted at an angle with respect to the particle track given
by cosθc = 1βnp , and travel in the medium at the group ve-
locity, therefore the relevant quantity for light transmission
is the group refractive index, ng. Both the phase and group
refractive indices depend on the wavelength of the photons,
an effect usually referred to as chromatic dispersion and
has the effect of making the emission angle and the speed
of light wavelength dependent. The group refractive index
is related to its phase refractive index through
ng =
np
1+ λnp
dnp
dλ
, (1)
where λ is the wavelength of light.
The present measurement of the refractive index has been
made using the Optical Beacon system [2] of ANTARES.
This system consists of a set of pulsed light sources (LEDs
and lasers) which are distributed throughout the detector
and illuminate the PMTs with short duration flashes of
light. The refractive index is deduced from the recorded
time of flight distributions of photons at different distances
from the source and has been measured for eight different
wavelengths between 385 nm and 532 nm.
As the PMTs are color blind, the variation of the photon
emission angle and of the group velocity due to chromatic
dispersion cannot be accounted for on a photon by photon
basis. Nevertheless, a good knowledge of this wavelength
dependence enables to make the optimum average correc-
tions and to estimate the uncertainty introduced [3].
Several measurements similar to the one presented in
this paper have been performed in the past [4, 5, 6].
2 Experimental Setup
The PMTs of ANTARES are sensitive to photons in the
wavelength range between 300 nm and 600 nm. They have
a peak quantum efficiency of about 22% between 350 nm
and 450 nm. The PMT measures the arrival time and charge
amplitude of the detected photons. The single photoelectron
transit time spread of the PMT is around 3.5 ns full width
at half maximum (FWHM) [2].
The refractive index has been measured using the
ANTARES Optical Beacon system. This system of short
pulse light sources was primarily designed to perform time
calibration in situ [2, 7], but is also being used to measure
the optical properties of water. There are two types of Opti-
cal Beacons (OBs), the LED Beacons (LOBs) and the Laser
Beacons (LBs). There are four LOBs per line and two LBs
at the bottom of the two central lines.
An LOB contains 36 individual LEDs distributed over six
vertical faces shaping a hexagonal cylinder (Figure 1, left).
On each face, five LEDs point radially outwards and one
upwards. All the LEDs emit light at an average wavelength
of 469 nm, except two LEDs located on the lowest LOB
of line 12 which emit light at an average wavelength of
400 nm. In order to extend the measurement of the optical
properties, a modified LOB was deployed in 2010 taking
advantage of the redeployment of Line 6. This modified
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Figure 1: Left: Picture of a LED Optical Beacon. Right:
Picture of a Laser Beacon.
LOB has three LEDs per face instead of six, all of them
pointing upwards. The three LEDs of each face emit at the
same wavelength. The average wavelength of the light from
the six faces of the modified LOB are 385, 400, 447, 458,
494 and 518 nm. The LEDs emit light with a maximum
intensity of ∼160 pJ and a pulse width of ∼4 ns (FWHM).
The intensity of the emitted light can be varied changing
the voltage feeding the LEDs.
The laser, a Nd-YAG solid state laser, is a more powerful
device and emits pulses of light with an intensity of ∼1 µJ
and pulse width of ∼0.8 ns (FWHM) at an average wave-
length of 532 nm (Figure 1, right). The LEDs and lasers
flash at a frequency of 330 Hz provided by the DAQ sys-
tem [8]. Further details about the OBs system can be found
in [2, 7].
The light spectrum of the eight sources used for this
analysis (seven LEDs with wavelengths between 385 nm
and 518 nm and one Laser with wavelength of 532 nm)
were measured using a calibrated spectrometer. The spec-
trometer was first crosschecked with the green Nd-YAG
Laser (532 nm) and then used to measure the spectral emis-
sion of the LEDs in pulsed mode operation (see Figure 2,
upper). As can be seen the width of the wavelength spectra
is around 10 nm for all the light sources except for the LED
with average value of 518 nm, which is larger, and the laser,
which is much smaller (∼2 nm).
Due to the wavelength dependence of the absorption of
light in water, the spectra change as a function of the dis-
tance traveled by the light. The expected wavelength dis-
tributions as a function of distance have been estimated by
Monte Carlo simulation using the dependence of absorption
length on wavelength given by [9]. In the lower panel of Fig-
ure 2 the estimated wavelength distributions at 120 m are
shown for the different LEDs. Most of the wavelength dis-
tributions show small changes, except the light sources with
wavelengths above 500 nm where the absorption length
spectrum is steeper and the absorption has a larger effect.
Notice that the distributions have been normalized to unity
in each peak and therefore the relative effect of absorption
between sources is not observed. This renormalization is
performed in order to show the change in the shapes of the
distributions, which influences the velocity measurement.
The evolution of these wavelength distributions along the
light path is taken into account in the final results (Section
4). In particular the uncertainty assigned to the wavelengths
has been taken to be the root mean square of the wavelength
distribution given by the simulation.
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Figure 2: Upper: Light source distributions measured with
the spectrometer (normalized to unit intensity). The spec-
trometer measurement are made in air. The data points have
been smoothed and the highest value of each wavelength
distribution is set equal to one. Lower: Simulated spectral
distribution at a distance of 120 m in sea water with the
highest value normalized to one. The difference between
the upper and lower spectral distributions are due to the
variation of the absorption length as a function of the wave-
length.
3 Data Acquisition and Analysis
In order to measure the optical properties of the deep sea
water, such as the refractive index and the absorption and
scattering lengths, special dedicated runs were performed
using the OB system. During these runs, one single upward
looking LED of the lowest OB in a line was flashed (see
Figure 4, left). Only the signals recorded by the PMTs
along the same line where the flashing OB was located are
used in the analysis, so that the influence due to the line
movements are negligible and no corrections to the nominal
PMT positions have to be applied.
The runs used in this analysis were taken from May 2008
to April 2011. Each run contained typically more than 105
light flashes. For each flash, its time of emission as given
by the small PMT inside the OB was recorded. The arrival
time of the photons to the PMTs further above the line
were recorded within a time window spanning from 1500 ns
before the flash to 1500 ns afterwords. The integrated charge
of the analogue pulses of the PMTs were also recorded.
Only runs were used with rates of background light below
100 kHz and stable in time.
Figure 3 shows the distribution of the time of arrival of
photons to a PMT located 100 m above the flashing LED
optical beacon (λ = 469 nm) with a clear peak at around
470 ns. The zero time is the time of emission of the flash
as recorded by the internal PMT of the LOB. The peak at
t=470 ns corresponds to the shortest propagation time of
light. The tail of delayed photons is due to light scattering.
The flat distribution before and after the peak is the optical
background due to 40K decays and bioluminescence.
Since the distance traveled by the light from the emitting
OB to the different OMs along the line is of the order of
hundreds of meters the effect of scattering has to be taken
into account. The arrival time distributions are fitted to a
convolution of a Gaussian and an exponential distribution
on top of a flat background. The Gaussian distribution
models the transit time spread of the PMTs, the time width
of the pulsed emitted by the LED optical source and the
60
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Figure 3: Arrival time distribution of LED light detected
by a PMT at 100 m. The inset shows a zoom around the
signal region. Superimposed is the result of the fit to the
convolution of a Gaussian and an exponential distribution
(see text).
effect of the chromatic dispersion in water. The exponential
distribution takes into account the effect of the scattering of
photons in water. The fit function can be formulated as:
f (t) = b+h · e− t−µτ × erfc
(
1√
2
(σ
τ
− t−µ
σ
))
, (2)
where t is the arrival time of the photons. The fit parameters
are the optical background b, the height of the fit function
h, the mean µ and width σ of the Gaussian distribution and
the exponential decay constant τ . In Equation 2 erfc(t) is
the complementary error function distribution, i.e. erfc(t)=
2√
pi
∫ ∞
t e
−t2dt. An example of the fit is shown in the inset of
Figure 3 where the peak region has been enlarged. The fit is
made in the range from 200 ns before the most populated
bin and 20 ns after. The arrival time at each PMT is given
by the fitted mean value of the Gaussian distribution. The fit
results are stable to changes in the fit range and histogram
binning.
An example of the measured arrival times versus the
distances between the corresponding OB and the PMTs
are shown in Figure 4 right. Since at each storey there are
three PMTs there can be up to three measurements for
each distance. The nearest PMTs to the OB are excluded
from the fit since they receive a very high amount of light
and have a bias in the time estimate caused by the early
photon effect [2]. The minimum distance for the fit range
is chosen in such a way that the average collected charge
amplitude per flash is below 1.5 photoelectrons (p.e.). The
maximum distance is chosen so that the signal is at least
seven sigmas above the average background. The slope of
a linear fit through the measured points gives the inverse
of the measured velocity of light in water (vmeasured). The
measured refractive index is defined as
n = c/vmeasured (3)
with c = 2.9979×108 m · s−1. The error of the refractive
index given in Figure 4 right is the error estimated by the
linear fit.
Monte Carlo simulations have been used to check the
stability of the analysis and to study the systematic effects.
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Figure 4: Left: Schematic view of an upwards LED flashing
light located in the lowest optical beacon. Only signals
recorded by the PMTs along the same line are used. Right:
The Figure shows the arrival time as a function of the
distance between the LED and the different PMTs. The
slope of a linear fit to the arrival time versus distance gives
the inverse of the light velocity.
Monte Carlo runs taking into account the geometry of the
detector and modeling the light propagation in water have
been used to analyze the time distributions and calculate
the refractive index for different optical parameters. The
analysis method was first validated with Monte Carlo
samples for the wavelength values of 400 nm, 470 nm and
532 nm. A variation in the absorption length between 30 m
and 120 m produces a variation in the refractive index lower
than 0.1%. The main systematic uncertainty is given by the
variation of the scattering length between 20 m and 70 m.
The measured refractive index increases up to 0.3% using
the scattering length of 20 m. Adding in quadrature the
individual errors one obtains a systematic error that varies
from 0.3% to 0.4% depending on the wavelength.
4 Refractive Index and Data Results
The refractive index of sea water at a given wavelength
depends on the temperature, the salinity of the water and
the pressure. A parametric formula for the phase refractive
index proposed by [10], based on data from [11], has
been modified with appropriate pressure corrections [4].
The phase refractive index for sea water as a function of
wavelength at temperature T = 12.9± 0.1◦ and salinity
S = 3.848±0.001% and pressure p is given by
np(λ , p) = 1.32292+(1.32394−1.32292)×
× p−200
240−200 +
16.2561
λ
− 4382
λ 2
+
1.1455×106
λ 3
. (4)
The parametrization of the refractive indexes ng (using
Equation 1 and Equation 4) is shown in Figure 6 for the
given values of temperature and salinity, and for a pressure
between 200 atm and 240 atm.
The environmental parameters can be considered stable
in time so that, from measurements of temperature, salinity
and pressure, the refractive index for a particular wavelength
and at a given depth can be calculated with a precision
better than 4×10−5.
Between May 2008 and March 2010, a total of 42 runs
taken with an average wavelength of 469 nm, 14 runs with
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Figure 5: Distribution of the measured refractive index for
a total of 42 runs for a LED with λ=469 nm taken between
May 2008 and March 2010.
an average wavelength of 400 nm and 13 runs with an
average wavelength of 532 nm were collected and analyzed
according to the methods explained in Section 3. The runs
were taken with three different LED intensities. Depending
on the LED light intensity, the minimum and maximum
fit range values varies. For a typical high, middle or low
intensity run at a wavelength of 469 nm the fit range is
between 50 m and 250 m, 40 m and 220 m, and 10 m and
130 m respectively. The measured refractive index values
of the 42 runs with a wavelength of 469 nm are shown in
Figure 5. Between November 2010 and April 2011 eight
runs with the modified OB have been collected, extending
the measurements with six additional wavelengths. The
measured refractive indices with their systematic errors
estimated in Section 3 are compared with the Equation 4
in Figure 6. As mentioned in Section 2, the uncertainties
in the wavelengths have been taken to be the root mean
square of the corresponding distribution at the middle of the
distance ranges. As can be seen from Figure 6 the results
are compatible with the theoretical prediction.
As mentioned in Section 1, the PMTs are unable to
distinguish the wavelength of the incoming photons, so the
effect of this chromatic dependence can only be taken into
account on average. The spread of the arrival time residuals
with respect to the expected arrival time of a 460 nm photon
have been computed by means of a standalone Monte Carlo
simulation using the phase velocity for the emission angle
and the group velocity (as given by the Equations 4 and
Equation 1) for the arrival time. This simulation indicates
that the spread of the time residual is 0.6 ns at 10 m, 1.6 ns
at 40 m, 2.7 ns at 100 m and 3.6 ns at 200 m. The time
uncertainty introduced by this spread is unavoidable and
is taken into account in the ANTARES official simulation
program [12, 13]. Even though the exact influence of
the medium depends on the particular Cherenkov photon
(wavelength, distance to the hit PMT) and therefore requires
a full simulation, a rough estimate of the average effect can
be obtained assuming that a majority of hits are between
40 m and 100 m from the track, which gives a value of∼2 ns
for the uncertainty introduced by the transmission of light
in sea water, including chromatic dispersion. This value is
to be compared with∼1.3 ns coming from the PMTs transit
time spread and to ∼1 ns from time calibration.
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Figure 6: Group and phase refractive index as a function of
the wavelength for a given temperature and salinity with
measured data points and its systematic error bars.
5 Conclusion
Pulsed light sources with wavelengths between 385 nm
and 532 nm shining through sea water have been used
to measure the refraction index using the time of light
distribution detected by the PMTs at distances between few
tenth and few hundred meters from the source. Dedicated
Monte Carlo simulations have been used to validate the
analysis method and to evaluate the systematic errors. The
data results obtained for the dependence of the group
refractive index on wavelength are compatible with the
parametrization as a function of salinity, pressure and
temperature of sea water at the ANTARES site.
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Abstract: The technique of acoustic neutrino detection is a promising approach for future large-scale ultra-high-
energy neutrino detectors in water. To investigate this technique in the deep sea, the AMADEUS system has
been integrated into the ANTARES neutrino telescope in the Mediterranean Sea. Installed at a depth of more
than 2000 m, the 36 acoustic sensors of AMADEUS are based on piezo-ceramics elements for the continuous
broadband recording of signals with frequencies ranging up to 125 kHz. In order to assess the background for
acoustic neutrino detection in the deep sea, the characteristics of transient signals, which can mimic the acoustic
signature of a neutrino interaction, and of the ambient noise have been investigated. In this context, an offline
analysis package was developed, including signal classification and acoustic source reconstruction algorithms. In
addition, a complete simulation chain was developed. It comprises the generation of acoustic pulses produced
by neutrino interactions and their propagation to the sensors within the detector, ambient and transient noise
models for the Mediterranean Sea and the response functions of the AMADEUS data acquisition hardware. In this
article, the AMADEUS system will be introduced and the procedures for offline event selection and Monte Carlo
simulations will be described. Recent AMADEUS results will be discussed and first conclusions concerning the
feasibility of acoustic detection of ultra-high-energy neutrinos in the Mediterranean Sea presented.
Keywords: Acoustic Particle Detection, Neutrino Detection, Ultra-High-Energy Neutrinos
1 Introduction
Measuring acoustic pressure pulses in huge underwater a-
coustic arrays is a promising approach for the detection of
ultra-high-energy (UHE, Eν & 109 GeV) neutrinos. These
are expected to be produced in interactions of cosmic rays
with the cosmic microwave background [1]. The pressure
signals are produced by the particle showers that evolve
when neutrinos interact with nuclei in water. The resulting
energy deposition within a cylindrical volume of a few cen-
timetres in radius and several metres in length leads to a
local heating of the medium which is instantaneous with
respect to the hydrodynamic time scales. This temperature
change induces an expansion or contraction of the medium
depending on its volume expansion coefficient. According
to the thermo-acoustic model [2, 3], the accelerated expan-
sion of the heated volume—a micro-explosion—forms a
pressure pulse of bipolar shape which propagates in the sur-
rounding medium. Coherent superposition of the elemen-
tary sound waves, produced over the volume of the energy
deposition, leads to a propagation within a flat disk-like
volume (often referred to as pancake) in the direction per-
pendicular to the axis of the particle shower. After propa-
gating several hundreds of metres in sea water, the pulse
has a characteristic frequency spectrum that is expected to
peak around 10 kHz [4, 5, 6]. As the attenuation length in
sea water in the relevant frequency range is about one to
two orders of magnitude larger than that for visible light,
a potential acoustic neutrino detector would require a less
dense instrumentation of a given volume than an optical
neutrino telescope.
The AMADEUS project [7] was conceived to perform a
feasibility study for a potential future large-scale acoustic
neutrino detector. For this purpose, a dedicated array of
acoustic sensors was integrated into the ANTARES neutrino
telescope [8].
2 The ANTARES Detector
The ANTARES neutrino telescope was designed to detect
neutrinos by measuring the Cherenkov light emitted along
the tracks of relativistic secondary muons generated in
neutrino interactions. A sketch of the detector, with the
AMADEUS modules highlighted, is shown in Fig. 1. The
detector is located in the Mediterranean Sea at a water depth
of 2475 m, roughly 40 km south of the town of Toulon at the
French coast at the geographic position of 42◦48′ N, 6◦10′ E.
ANTARES was completed in May 2008 and comprises 12
vertical structures, the detection lines. Each detection line
holds up to 25 storeys that are arranged at equal distances of
14.5 m along the line, starting at about 100 m above the sea
bed and interlinked by electro-optical cables. A standard
storey consists of a titanium support structure, holding three
optical modules (each one consisting of a photomultiplier
tube inside a water-tight pressure-resistant glass sphere) and
one cylindrical electronics container.
A 13th line, called Instrumentation Line (IL), is equipped
with instruments for monitoring the environment. It holds
six storeys. For two pairs of consecutive storeys in the IL,
the vertical distance is increased to 80 m.
Each line is fixed on the sea floor by an anchor equipped
with electronics and held taut by an immersed buoy. An
interlink cable connects each line to the Junction Box
from where the main electro-optical cable provides the
connection to the shore station.
3 The AMADEUS System
Within the AMADEUS system [7], acoustic sensing is inte-
grated in the form of acoustic storeys that are modified ver-
sions of standard ANTARES storeys, in which the optical
modules are replaced by custom-designed acoustic sensors.
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Figure 1: A sketch of the ANTARES detector. The six
acoustic storeys are highlighted and a photograph of a
storey in standard configuration is shown. L12 and IL
denote the 12th detection line and the Instrumentation Line,
respectively.
Dedicated electronics is used for the amplification, digitisa-
tion and pre-processing of the analogue signals. Figure 2
shows the design of a standard acoustic storey. Six acoustic
sensors per storey were implemented, arranged at distances
of roughly 1 m from each other.
Electronics
Container
Titanium
Support Frame
Hydrophone
Support
Fanout
Hydrophone
21
20
m
m
Figure 2: Drawing of a standard acoustic storey.
The AMADEUS system comprises a total of six acoustic
storeys: three on the IL and three on the 12th detection
line (Line 12). The analysis presented in this article was
done with the standard acoustic storeys which are equipped
with hydrophones. These acoustic sensors employ piezo-
electric elements, coated in polyurethane, for the broadband
recording of signals with frequencies ranging up to 125 kHz.
The lowest acoustic storey on Line 12 is equipped with
alternative sensing devices, so-called acoustic modules
which are described elsewhere [7].
All data from the 36 acoustic sensors is transmitted
to the shore station. Here an adjustable software filter
selects events from the data stream for storage on disk and
further offline analysis. Currently, three filter schemes are in
operation [7]: A minimum bias trigger which records data
continuously for about 10 s every 60 min, a threshold trigger
which is activated when the signal exceeds a predefined
amplitude, and a pulse shape recognition trigger. For the
latter, a cross-correlation of the signal with a predefined
bipolar signal, as expected for a neutrino-induced shower, is
performed. The trigger condition is met if the output of the
cross-correlation operation exceeds a predefined threshold.
For the latter two triggers, the thresholds are automatically
adjusted to the prevailing ambient noise and the condition
must be met in at least four sensors of a storey.
4 Acoustic Background in the Deep Sea
To assess the feasibility of acoustic neutrino detection in
a natural body of water, transient and ambient noise at the
site of the installation have to be investigated. The ambi-
ent noise is broadband and is mainly caused by agitation
of the sea surface [9], i.e. by wind, breaking waves, spray,
and cavitations. Thus it is correlated to the weather con-
ditions, mainly to the wind speed, see e.g. [10]. It is pre-
dominantly the ambient background that determines the
energy threshold for neutrino detection. Transient noise sig-
nals have short duration and an amplitude that exceeds the
ambient noise level. These signals can mimic bipolar puls-
es from neutrino interactions. Sources of transient signals
can be anthropogenic, such as shipping traffic, or marine
mammals. In particular dolphins emit short signals with a
spectrum similar to that of acoustic emissions from neutri-
no interactions. Given the expected low rate of cosmogenic
neutrinos of the order of 1 per year and km3, the transient
background must be completely suppressed, which poses a
major challenge.
5 Suppression of Transient Background
To suppress signals from transient sources which are not
consistent with acoustic signals of neutrino interactions, a
classification strategy is employed [11]. This strategy stems
from machine learning algorithms trained and tested with
data from a simulation (see Sec. 6). Random Forest and
Boosted Trees algorithms have achieved the best results for
individual sensors and clusters of sensors. For individual
sensors, the classification error is of the order of 10 % for a
well trained model. The combined results of the individual
sensors in an acoustic storey are used as new input for
training. This method obtains a classification error below
2 %.
Using the six hydrophones of an acoustic storey, direction
reconstruction of point sources is possible with an accuracy
of 1.6◦±0.2◦ in azimuth and 0.6◦±0.1◦ in zenith [12]. If
the directions were reconstructed for at least two of the
acoustic storeys, the best approximation of the intersection
point of the rays starting from the sensor clusters and
pointing into the reconstructed direction is searched for. In
principal, a powerful method to reduce ambient background
is to restrict neutrino searches to a fiducial volume that
excludes the topmost part of the sea above a depth of
about 500 m. This eliminates signals from ships and from
dolphins, which do not dive below 500 m. However, given
the geometry of AMADEUS, the small angular errors of the
zenith angle reconstruction translate into large uncertainties
of the position reconstruction at large distances. Hence the
more effective approach of suppressing sources using a
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Figure 3: Spatial density of transient signals as a function
of the depth z and the distance r from the centre of the
AMADEUS detector. Top: the density of transient signals
as selected by the AMADEUS online filter; bottom: events
remaining after the offline cuts described in the text.
clustering algorithm was chosen: since neutrino interactions
are rare and isolated events, a number of events clustering
temporally and spatially can be assumed to stem from a
single source such as a ship or a sea mammal. To avoid the
aforementioned problems with the position reconstruction,
for each event the intersection of the reconstructed direction
with the sea surface was used as input for the clustering
algorithm.
Figure 3 shows the distribution of events over an inte-
grated measurement time of about 156 days without any
offline suppression and after applying the signal classifica-
tion and clustering cuts described above. The background
from transient signals is reduced from 15×103 km−3 yr−1
to 100 km−3 yr−1. Figure 3 shows the limitations of the re-
construction of the z-coordinate, which is smeared out and
even extends to positive values which would imply a source
above the sea surface.
The background rate was reduced significantly by apply-
ing the cuts described above, but as mentioned in the previ-
ous section, basically a complete reduction of the transient
background is required. The characteristic propagation of
the signal within a flat disk-like shape (the “pancake”) is
another important feature to classify neutrinos. This feature
however cannot be exploited with AMADEUS due to its
small size and two-dimensional arrangement of acoustic
storeys. With the software framework developed and the
data collected with the AMADEUS detector, designs of
large acoustic neutrino detectors can be investigated using
Monte Carlo techniques in order to optimise the detector
layout with respect to the potential for the reconstruction of
the source position and the three-dimensional shape of the
acoustic emission pattern.
6 Simulation Chain
The simulation chain [10] consists of the following modules,
which build upon each other to create a simulated neutrino
event:
1. An interaction vertex is located at a random position
in a given volume around the detector and the energy
and direction of the incident neutrino are set randomly
within predefined ranges.
2. The Monte Carlo hadronic shower is produced from
a parametrisation, valid up to a total shower energy of
1012 GeV, which is based on work by the ACoRNE
collaboration [4, 5]. The fraction of energy of the
neutrino energy that is deposited in the shower is
calculated according to parametrisations from [13].
After the cascade has been simulated, the acoustic
pulse and its propagation to the sensors within the de-
tector are calculated following [4, 5]. This compris-
es the disk-like propagation pattern and the bipolar
pulse recorded by the sensor.
3. A realistic model of both the ambient and transien-
t background, reproducing the characteristics mea-
sured with AMADEUS have been implemented. Sig-
nal and noise are then superimposed.
4. The inherent noise of the sensor is added and the re-
sulting waveform is convoluted with the system trans-
fer function of the sensor. Subsequently, the same
steps of adding noise and applying the system trans-
fer function are applied for the read-out electronics.
5. The output is directed to the simulation of the online
filter system described in Sec. 3.
The complete chain allows for the investigation of the
neutrino detection efficiency of AMADEUS or any other
existing or potential acoustic neutrino detection device.
7 Effective Volume
A measure of the sensitivity of the AMADEUS device
to neutrino interactions is its effective volume. While the
AMADEUS layout will not allow for an effective volume
sufficient to set a competitive limit on the flux of ultra-
high-energy neutrinos, an estimate of the energy detection
threshold can be derived and the effects of various cuts and
environmental conditions can be quantified. The simulation
and analysis chains described above were used to simulate
the data required for this study. An effective volume Veff for
the AMADEUS detector can be defined as:
Veff(Eν) =
∑Ngen δsel p(Eν ,r,ep)
Ngen
Vgen, (1)
where Ngen is the number of generated neutrino interactions
in a volume Vgen and p(Eν ,r,ep) is the probability that the
neutrino reaches the interaction vertex set in the simulation.
δsel ∈ {0,1} accounts for the fact that the probability only
contributes to the effective volume if the pressure pulse
corresponding to the neutrino interaction was selected by
the online filter within a time window of 128 µs around
the expected arrival time. The probability that the neutrino
reaches the interaction vertex is given by:
p(Eν ,r,ep) = e−dWE(r,ep)/λwater(Eν ) , (2)
where r is the position of the interaction vertex, ep is the
unit vector of the direction of the flight trajectory. The
mean free path λwater(Eν) of the neutrino in water is anti-
proportional to the total cross section of the neutrino. The
total cross section as a function of the neutrino energy Eν
was parametrised using values from [14]. The distance dWE
is the water equivalent of the distance travelled through mat-
ter of varying density encountered by the neutrino along its
flight path. For the determination of the density distribution
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Figure 4: The effective volume of the AMADEUS detector
as a function of the logarithmic neutrino energy for the two
different levels, as described in the text. Also shown are the
random coincidence rates for the levels 1 and 2.
along the flight path, the PREM1 [15] was used to model
the density profile of the earth. In addition, it is assumed
that the earth is covered by water of 2.5 km depth and the
detector is placed on the sea floor. For the calculation of
the effective volume, 107 neutrinos with energies uniformly
distributed between 109 GeV and 1012 GeV were simulated.
With the uniform energy distribution, a sufficient number of
events over the entire energy range is available. The interac-
tion vertexes of these neutrinos were chosen in a cylindrical
volume of 1200 km3 around the AMADEUS detector. The
heading of the flight path was ranging from 0− 360 ◦ in
azimuth and from 0−100 ◦ in zenith2. Neutrinos entering
the volume Vgen from below the horizon will traverse an
increasing amount of matter. For a zenith angle greater than
100 ◦, the probability of a neutrino in the energy range un-
der consideration to reach the interaction vertex is practical-
ly zero. To determine random coincidences formed by the
ambient noise, a separate set of simulated data was created
not containing any signals. The effective volume has been
calculated for two different “levels” describing increasingly
realistic conditions:
Level 1: Ambient noise is assumed to be minimal, always
corresponding to a perfectly calm sea, and the coinci-
dence requirement for the filter simulation is that at
least two sensors on one storey need to respond.
Level 2: The complete ambient noise model and the stan-
dard online filter of AMADEUS are used, requiring
a signal in at least four sensors on two storeys each.
The results of this study are shown in Fig. 4. For levels 1
and 2, the effective volume is at least one sigma above
the “fake flux” from random coincidences for energies
exceeding 1.8×1010 GeV and 1.8×1011 GeV, respectively.
The requirements of level 1 are minimal, so this can be
seen as an idealised detection threshold of the AMADEUS
detector. The effective volume for level 1 exceeds 2 km3
at 1012 GeV, while for level 2, it is about 0.1 km3 at this
energy.
Note that for a potential future large-scale acoustic neu-
trino detector with a three-dimensional arrangement of a-
coustic sensors, the effective volume cannot be easily de-
rived from the results for AMADEUS by simple scaling.
For neutrinos with energies near the detection threshold,
the effective volume will be mainly determined by the in-
strumented volume (assuming sufficiently dense instrumen-
tation). For rising energies, the water volume monitored
around the detector will become increasingly important.
The energy threshold as estimated in this study presumably
can be decreased if a larger number of sensors is used to
trigger events, as the effect of random coincidences will
be reduced. Applying pattern recognition methods on the
triggered signals might further reduce the threshold.
8 Conclusion and Outlook
Recent results from the acoustic neutrino detection test
system AMADEUS, an integral part of the ANTARES
detector in the Mediterranean Sea, have been presented.
The suppression of the transient background was discussed
and a full simulation chain, starting from the interaction of
the neutrino in water and ending with the electric signal
registered in the acoustic sensors, was applied to calculate
the effective volume of AMADEUS. For realistic conditions,
the effective volume is around 0.1 km3 at 1012 GeV and the
detection threshold was estimated as about 1.8×1011 GeV.
The latter is expected to decrease for a larger device. The
data recorded with AMADEUS can be used for Monte Carlo
simulations to optimise the design of a potential future large-
scale acoustic neutrino detector.
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